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DEVELOPMENT AND VERIFICATION OF A RESIN

FILM INFUSION/RESIN TRANSFER MOLDING

SIMULATION MODEL FOR FABRICATION OF

ADVANCED TEXTILE COMPOSITES

ABSTRACT

The objective of this study was to develop a two-dimensional computer model for the sim-

ulation of the resin transfer molding/resin film infusion processing of advanced composite

materials. This computer simulation model is designed to provide aircraft structure and

tool designers with a method of predicting the infiltration and curing behavior of a com-

posite material component. For a given specified cure cycle, the computer model can be

used to calculate the resin infiltration, resin viscosity, resin advancement, heat transfer

within the component/tool assembly during processing and preform compaction.

Formulations of the resin flow problem are given using the finite element/control volume

technique based on Darcy's Law of flow through porous media. This technique allows for

the efficient numerical calculation of the advancing resin front within the preform materi-

als. The heat transfer in the fabric preform and tooling is analyzed using a transient finite

element method which included the effects of convection on the tooling surfaces. Com-

paction behavior of the tooling assembly is analyzed using a simplified isotropic form of

the plane elasticity equations. All of these solutions were coupled together in a quasi-

steady state non-linear fashion inside the computer code.
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Simulation model verifications were carried out on individual components of the com-

puter model. A verification of the flow model is carried out by a comparison with experi-

ments reported in literature as well as two dimensional visualization studies performed for

a center-port injection of a flat plate. The heat transfer model was verified using the exper-

imental results of a thick section composite laminate processing. Verification of the com-

paction model were limited to the comparison of the final part dimensions.

Two computer simulations were performed on two resin infusion cycles of a single blade-

stiffened composite panel. The simulation model results of the two cycles were used to

assist in the development of an alternative cycle for the composite manufacturing of a

three blade stiffened panel. The results demonstrated the importance of a sufficient mini-

mum viscosity region in the cycle in order to allow the resin to completely infiltrate the

fabric preform of the structure. Predictions of the viscosities and degree of cure profiles

within the single blade stiffened panel illustrated the uniformity of these parameters dur-

ing the curing cycle.
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CHAPTER 1

Introduction

Resin Transfer Molding (RTM) describes a manufacturing process that has been in exist-

ence since the early 1930's. Resin transfer molding developed into a viable manufacturing

technique in the 1970's due to the oil embargo and the high cost of matched metal tool-

ing.[ 1 ] Initially, resin transfer molding consisted of using polyester based resins with a

chopped glass mat as the reinforcing medium. Automotive industries were the first to uti-

lize the technique of resin transfer molding. As the techniques, resin systems, and tooling

improved over the decade of the 70's, the application of resin transfer molding increased

dramatically. The improvements in resin systems and reinforcements eventually generated

considerable interest in the RTM process by the aerospace industry. In the early 80's, the
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need for more cost efficient and lightweight structures demanded more use of fiber rein-

forced components in the aerospace and automotive industries.

Initially, aerospace industries began to manufacture components made with fiber rein-

forced tapes or fabrics using hand lay-up and forming operations. These prepreg materials

were either resin impregnated collimated tapes or woven fabrics. Today a large majority of

advanced composite components are still being manufactured from prepreg materials.

Labor costs in manufacturing components from prepreg tapes or fabrics have been high

due to the amount of hand labor and time involved.

Resin transfer molding of aerospace quality composite structures began as an effort to

reduce the high manufacturing cost of composite components. Although traditionally used

for their high specific strength, advanced composite commercial aircraft components

could not compete with metals if the cost of manufacturing those components remained

high. The resin transfer molding process offered a lower cost means of manufacturing.

A general description of the resin transfer molding process is where a fibrous component

is placed in a mold cavity which is then closed resulting in the compaction the fibrous pre-

form to the desired dimensions. A liquid resin is then injected into the mold cavity. Injec-

tion continues until all the remaining void space has been filled with resin. The mold

temperature is then raised, and the composite component is held at an elevated tempera-

ture until cured.

Aircraft structures that have been manufactured by the resin transfer molding technique

have been mainly secondary structures (which are not flight critical structures such as a

wing box or a fuselage beam). RTM has mainly been used for small detail parts where

structural integrity has not been critical or in applications where a high dimensional toler-

ance is required. However, for composite components to be utilized for flight critical
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structures,the capability of designingandmanufacturingthesecomponentsat acompeti-

tive costmustbe realized.

The RTM processoffers severaladvantagesovertraditional prepreggingmethods.First,

tight dimensionaltolerancescanbeachieveddueto theuseof matchedmetal tooling. Sec-

ond, complexshapedcomponentscanbe readily fabricated.This allows for muchmore

co-curingor integrationof the structuralcomponentsandnot only reducesthecost of the

structurebut canreduceweight aswell.

A variety of resinsystemsmaybeusedwith resintransfermolding. Theonly requirement

is that the resin viscosity be low enough during the injection so that it is possible to effec-

tively infiltrate the fabric preform and mold. Typical resin systems employed include

epoxies, bismaleimides, polyesters, and some toughened epoxies. Also, a wide range of

reinforcement types can be employed such as glass, graphite, or aramid fibers. Finally, the

complete component fiber and resin volume fractions can be accurately predicted and con-

trolled. This permits cost effective near net shape manufacturing of aircraft components.

Some of the disadvantages of the RTM process include the cost involved in the machining

or fabrication of the mold. In many cases, the fabrication cost of the mold can be offset by

manufacturing a large number of parts. However, in the aerospace industry, the quantities

of the produced parts are relatively low, and therefore the amortization of these tooling

costs is not necessarily effective in reducing the component costs to the point where they

are competitive with traditional metal formed components. Anotherdisadvantage to the

RTM processing is the lack of high performance resin systems available. This issue has

been partially addressed in recent years. However, most of the industry standard resin sys-

tems were designed for the prepregging process. Many of the resin suppliers are currently

working towards producing high performance resin systems that have fluid viscosities that
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are low enough to be resin transfer molded. Several of these new resin systems are being

evaluated in non-primary aircraft structures.

In order to partially address those disadvantages described above, a new technique of resin

transfer molding components has been developed by several aerospace companies. This

new technique, known as resin film infusion (RFI) molding, combines the advantages of

resin transfer molding with the flexibility of the traditional prepregging processing tech-

niques. Resin infusion is performed by stacking a neat resin film and a fabric preform

together inside a mold which consists of components similar to those used in autoclave

processing of prepreg components. These components are then bagged and placed inside

an autoclave or oven for processing at elevated temperatures. The advantages of the resin

infusion technique are the ability to utilize lower cost tooling and to use many of the

higher performance prepreg resin systems. The resin infusion technique was the compos-

ite processing method selected in this study.

Some of the challenges presented in the resin infusion processing of advanced composite

materials include the need for a better understanding of the resin infiltration process and

the effects of tooling, and the development of optimal processing cycles. The motivation

for this study was to attempt to address these needs through the use of computer simula-

tions of the resin infusion and resin transfer molding processes. The objective of this work

was to provide a method by which structural and tool design engineers could analyze and

predict many of the important processing variables prior to the processing of a composite

component. The goal was to provide a comprehensive user friendly computer simulation

model capable of meeting this objective.
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CHAPTER 2

Literature Review

Previous studies of RTM processing have dealt with modeling the flow of resin through a

porous medium in a variety of different manners. An important aspect of RTM modeling

is the numerical techniques used to approximate the free surface location of the resin flow

front. A survey of these reported moving boundary techniques and several experimental

verification studies are described in this chapter.

2.1 Moving Boundary Techniques

There are many different techniques for modeling the resin boundary movement. The

methods described in this section will only address those techniques which are currently
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Moving Boundary Techniques

being utilized in the literature for the modeling of the resin infiltration process. There are

three basic numerical methods that have been used to calculate the resin flow in a porous

medium. These methods include the finite element, finite difference, and boundary ele-

ment methods. A further classification of the methods can be made by grouping the tech-

niques into either fixed or moving mesh schemes.

2.1.1 Fixed Mesh Methods

The first of the fixed mesh schemes is not currently being used for the study of RTM pro-

cessing. However, it does provide the basis for a technique that is currently being used.

The Marker-and-Cell method was originally developed for the study of incompressible

viscous free surface flows in the field of hydraulics [2]. The technique was developed for a

two-dimensional flow with simple geometries. The method uses a fixed finite element

mesh and a set of marker particles that track the moving boundaries. The marker particles

are started from some initial position within the mesh. Once the velocity field has been

calculated the particles are then moved to a new position by using a weighted average of

the four nearest cell velocities. The cells are then tagged as either full or empty, and the

solution continues[2].

The finite difference/control volume technique is an extension of the Marker-and-Cell

approach and is currently used in the modeling of the resin injection and RTM processes.

The method, also known as FAN (Flow Analysis Network), calculates the fluxes at the cell

boundaries and uses this information to calculate a fraction of the control volume that is

filled at each time step. FAN also uses the lubrication approximation, which eliminates the

out of plane velocities, to extend the original Marker-and-Cell method into a low Rey-

nolds number regime. Takahasi and Matsuoka [3] have extended the FAN method to

include the temperature field calculations necessary for RTM modeling. Several disadvan-
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tages to this method were noted by Tucker[4]. These include the tedious lay-flat procedure

used to model a 3-D part on a 2-D plane and the additional data required to connect the

planes in the model.

The finite element/control volume method is another fixed mesh technique which has been

applied to the resin transfer molding process [4]. This method is essentially a mixture of

the finite element and the control volume approach introduced in the FAN program. The

method is implemented by dividing the mold cavity into elements. At each nodal location

a control volume is constructed by subdividing the elements into smaller volumes and

summing the contributions of the adjacent volumes at each node. Element subdivision is

carried out by breaking the element volume into smaller volumes connected at the cen-

troid of the element. The finite element formulation is solved for the pressure distribution

at the nodes. The nodal pressures are then used to calculate an elemental velocity. The

flow rates into the various nodal control volumes are calculated using the velocity field. A

fill factor based on the amount of the fluid present is assigned to each control volume.

Flow front tracking involves finding all the partially filled control volumes[5,6]. Several

advantages of the finite element control volume method were pointed out by Tucker [4].

These include the ability to handle complex geometries, numerical stability, ease of han-

dling multiple vents and gates, and the ability to be easily extended to 3-D parts. This

method was chosen as the basis for the RTM analysis reported in this document and will

be discussed in greater detail in chapter 5.

2.1.2 Moving Mesh Methods

One of the current methods being used to model the flow of resin in RTM processing is the

body-fitted or boundary-fitted coordinate system method [7]. The body-fitted coordinate

system method is basically a finite difference method. In order to reduce the difficulty
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involved in using a finite difference grid to model an irregularly shaped boundary, the

method generates a curvilinear coordinate system over the physical domain. This coordi-

nate system is then used to transform the physical domain into a regular computational

domain. Remeshing occurs at each time step. The time step is calculated based on the

velocity of the flow front. Smaller increments of time are used when the flow front

approaches a sharp corner to maintain conservation of mass. The numerical costs of this

technique are reported to be high because of the large number of time steps and the need

for remeshing. The extensions of this technique to multiple injection ports and non-flat

parts have presented some difficulties. [4]

The second moving mesh method that is currently being used in the simulation of the

RTM process is the boundary element method. The boundary element method provides a

solution to the governing equation for the fluid flow within the domain, but not the bound-

ary conditions. Basically the method as reported in Um and Lee[8] involves the transfor-

mation of the governing differential equation into an integral equation which is valid on

the boundaries of the region through the use of some "test" function. The integral equation

is discritized and solved as in the finite element method. The velocity distribution on the

boundary is then used to calculate a new position for the mesh at the next interval of time.

Reported advantages to this method include the accuracy of both the velocity gradients

and flow front positions (no interpolation of the flow front is necessary). Disadvantages

include the difficulty with multiple gates and weldlines, extension to non-planar parts, and

the handling of sharp corners.
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RTM Experimental Verification Studies

2.2 RTM Experimental Verification Studies

Many examples of RTM simulation models are available in literature today. Several

experimental model verification studies are discussed in this section. The studies selected

give a representative cross section of the types of analyses being used in the simulation of

the RTM process.

Um and Lee [8] employed the boundary element technique in modeling the flow of sili-

cone oil through a simple rectangular mold of glass fabric. Darcy's law was employed to

construct the governing differential equations. The resin front location was updated with

the local velocities on the moving boundary. As the front approached the mold wall and if

the newly calculated nodal position was outside the mold boundary, a corrected nodal

location was placed where a line connecting the new and old nodal positions intersected

the mold boundary. A "no slip" boundary condition was ignored in the analysis. The sili-

cone oil used in Um's experimental work entered the rectangular mold through a center

gate and proceeded to an exit in the far comer. Very close agreement between the calcu-

lated flow front positions and the experimentally determined values was reported.

Coulter, Smith, and Guceri [9] reported on the infiltration of a rectangular graphite panel

with corn syrup. A boundary-fitted finite difference method was used to model the in-

plane flow of the corn syrup from one comer of the mold across to the diagonally opposite

comer. Again Darcy's law was used as the basis for the two-dimensional formulation. A

stream function was included in the governing differential equation

(2-1)
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where K x and Ky are the permeability of the fabric in the x and y directions, respectively,

is the fluid viscosity, and _t is the stream function. The TGIMPG computer program

developed by Coulter and Guceri [9] is based on the boundary-fitted finite difference tech-

nique and uses a quasi-steady state time step during the infiltration process. The boundary

conditions specified included constant velocity at the inlet, no slip along the walls of the

mold, and a zero shear stress along the flow front. The new flow front position is deter-

mined from the velocities calculated along the flow front at the present time step. The con-

tact between the resin and the mold wall is calculated with a "no-slip based relocation

algorithm"[9]. Remeshing after each time step is required in the TGIMPG computer pro-

gram.

The experimental results reported by Coulter, Smith, and Guceri agree well with the

TGIMPG generated flow fronts except along the mold boundaries. The reason given for

the discrepancy along the mold boundaries is use of the no-slip boundary condition. Mea-

sured and calculated inlet pressure versus time profiles were reported in this study. The

measured and calculated pressure profiles matched well at the beginning and end of mold

filling and poorly at intermediate fill times. The difference in the shape of the predicted

and experimental flow front profiles was cited as the cause of this disagreement. The

experimental investigation by Coulter, Smith, and Guceri will be discussed in greater

detail in a latter chapter on model verification.

Finally, experimental investigations by Young et. al. [ 10] and Fracchia, Castro, and Tucker

[6] using the finite element control volume method are discussed. The numerical formula-

tions of the governing differential equations presented in each investigation were similar.

Darcy's law was utilized in both works to replace the momentum equation. The governing

differential equation was obtained by combining Darcy's law with the continuity equation
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RTM Experimental Verification Studies

+ =O x, (2-2)

where Kxx and Kyy are the permeabilities in the x and y directions, respectively, Ix is the

fluid viscosity, and P is the fluid pressure. Both Young [10] and Fracchia [6] used rectan-

gular mold filling experiments to verify their computer models. Oil was used as the infil-

trating fluid and random glass mats were used as a preform material for both

investigations. A constant velocity injection of the oil was used in Young's [ 10] experi-

ments whereas a varying pressure input was reported in Fracchia's case. The inlet pressure

versus time profile reported by Young compared favorably to the experimentally measured

pressures. Fracchia also reported the simulation results of a center gated and a twin gated

resin transfer molded automotive head lamp assembly. Young's experimental investigation

will be discussed in more detail in the chapter on verification latter in this document.
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CHAPTER 3

Problem Definition

3.1 RTM Process

Resin transfer molding (RTM) is a process where a fibrous preform is placed in a closed

mold, and a low viscosity resin is injected into the cavity until the preform and cavity have

been fully saturated with resin. The injection is stopped, and the part is then cured at room

or elevated temperature. This definition of RTM has changed somewhat over the years

since the process was first introduced in the 70's. The term is now used to describe a vari-

ety of processes whereby a resin of some type is forced into a dry fibrous preform.
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One variation of the RTM process is the resin film infusion (RFI) or resin film stacking

process. In this process a neat resin film is placed along one surface of the tooling cavity

and a fibrous preform is placed next to it. The mold is placed into an oven or autoclave. An

external pressure is applied through either a clamping force or a hydrostatic pressure, as in

the case of an autoclave. The mold is slowly allowed to close under this applied pressure.

The mold assembly is heated, and the neat resin film softens and resin infiltrates the pre-

form due to the applied pressure. The resin infiltrated part is then cured at elevated temper-

ature and removed from the mold. During the process bulk flow of resin takes place

concurrently with the resin infiltration of fiber bundles.

The flow of resin through fibrous preforms is commonly modeled as the flow of an incom-

pressible fluid through a porous medium [11]. Flow through a porous medium can be

described by Darcy's Law which states that the flow rate measured through a porous

medium is linearly proportional to the pressure gradient, the permeability of the material,

and inversely proportional to the fluid viscosity. Darcy's law is therefore an important part

of any modeling effort of the RTM processing technique. A discussion of Darcy's law will

be presented in a later chapter.

The tooling used in RTM processing generally consists of matched metal molds that pro-

vide a high degree of dimensional accuracy in the finished part. The processing is usually

done in either a heated press or an oven. Generally, prior to the injection of the liquid

resin, the mold is closed, and the preform is reduced to the final dimensions. Tooling used

in resin infusion is generally considered "soft" tooling. "Soft" tooling consists of alumi-

num blocks, silicon rubber blocks, steel or aluminum caul sheets, and steel or aluminum

baseplates. This type of tooling is arranged in a particular manner to produce the desired

shape of the composite part. The dimensional accuracies of this type of tooling are usually
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lower than the matched metal tooling used in traditional RTM processing. Also the cost of

soft tooling is much lower than match metal tooling.

The resin systems used in RTM generally have a low viscosity (<0.3 Paos) in order to

allow for easier processing. The majority of RTM processing done today is being done in

the automotive industry where many different resin systems are available. The application

of RTM to the aerospace industry has brought with it some additional performance

requirements for the resin systems used. These requirements include higher Tg' s,

improved strength and toughness, and the need for good hot-wet material performance. In

meeting these requirements the resin system manufacturers have formulated high molecu-

lar weight prepreg type resin systems. This in turn makes the processing by traditional

resin injection difficult. The resin film infusion or resin stacking process provides a

method where higher molecular weight and highly viscous resins may be used in the resin

transfer molding process. The RFI process has been successfully demonstrated using resin

systems designed for prepregging operations, such as Hercules 3501-6. These system have

minimum viscosities in the range of 2-10 paos. These viscosities are much too high for tra-

ditional RTM processing. However, resin film infusion processing allows for the use of

these advanced resin systems while still retaining the benefits of the traditional RTM pro-

cessing.

The resin infusion process has been utilized by the McDonnell Douglas Aircraft-West

(MDA-West) as part of the NASA ACT (Advanced Composites Technology) demonstra-

tion program. Douglas used the resin infusion process to manufacture several demonstra-

tion wing box skins. The details of the use of this processing technique at Douglas and in

the computer simulation effort are described in the next section.
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3.2 Stiffened Panel Resin Infusion Processing

A good example of the resin infusion process is the three blade stiffened wing skin panels

fabricated by MDA-West for the NASA ACT demonstration program. These wing skin

panels were used to demonstrate the viability of the resin film infusion process as a cost

effective means of manufacturing commercial aircraft primary structures. A description of

the fabrication techniques and materials used in the resin infusion manufacturing of these

three blade stiffened structures is included in this section.

Demonstration of the viability of advanced composite materials being used in a primary

structure of a commercial aircraft depends largely on the ability to manufacture these

structures at a low cost. The fabrication of the three blade stiffened panels by MDA-West

was designed to demonstrate the ability to produce primary composite structures at low

cost. The fabrication involved resin infusion of a stitched graphite preform by the RFI pro-

cess. The stitched preform was manufactured using automated techniques in a further

effort to reduce costs.

The fabrication of the three blade stiffened panel began with the creation of a neat resin

film. One benefit of the resin infusion technique is the variety of resins which can be used.

The only requirement is that the resin system chosen must have the ability to be cast into a

hot-melt film. The resin system selected for use in the MDA-West panels was Hercules

3501-6. A resin film was made by taking the neat resin as supplied by Hercules in bulk

form and placing required amount into a platen press. The resin was then heated in the

press to lower the viscosity and pressed into a film with the desired thickness. At a future

date, the resin films will be available in sheet form directly from the resin manufacturer.
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Once the resin film had been prepped, it was placed on an aluminum base plate. Next, the

stitched one piece fabric preform was placed on top of the resin film. Placement of the

resin film and preform is shown in Figure 1. Additional aluminum tooling blocks were

then placed in-between the blade stiffeners. The last phase was to place an aluminum or a

graphite caul sheet over the entire assembly. The assembly at this point is shown in

Figure 2. Finally, the whole assembly was then placed in a vacuum bag and into an auto-

clave for processing under elevated temperature and pressure.

FIGURE 1 Placement of resin film and three blade stitched preform in Douglas tooling.
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FIGURE 2 Complete three blade stiffened tooling assembly, prior to bagging.

The stitched fabric prefo_ consisted ofa 54-ply stitched preform s_n and a 72-ply

stitched prefo_ blade. Each of these two sub elements of the preform were stitched

together to make the three blade stiffened panel. The 72-ply blade was split into two sec-

tions at the bottom of the blade.-These two sections were folded outward _d then stitched

down to the 54-ply sNn. The folded regions of the blade, which were stitched to the skin,

were allowed to taper off in 9-ply sections. A schematic of this stiffener element is shown

in Figure 3 and an actual photograph of one of the single stiffeners is shown in Figure 4

Both the 54-ply skin and 72-ply blade are made up of nine-ply stitched subelements made

of AS-4 uniweave fabric. Uniweave fabrics of different orientations were placed on rolls

and feed into a multineedle stitching machine,
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FIGURE 4 Photograph of single stitched blade stiffener.
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FIGURE 5 Schematic of manufacturing of nine-ply subelements.

The nine-ply stitched fabric was then stored on a roll and used later in the assembly of the

skin and blade elements. A schematic of this process in shown in Figure 5. Several of

these three blade stiffened panels have been manufactured by MDA-West during the

course of the ACT program. A photograph of one of these panels is shown in Figure 6.

During the manufacturing of these panels many different processing cycles were devel-

oped and tested. Many of the processing cycles tested were unsuccessful. An attempt was

made to incorporate the lessons learned in manufacturing along with the insight gained

from a computer simulation of this process into an optimum manufacturing cycle. The

remaining chapters in this document illustrate the efforts to model the resin infusion pro-

cessing of this three blade stiffened panel.
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FIGURE 6 Photograph of the final three blade stiffened composite panel.
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CHAPTER 4

Infiltration/Cure Model

In order to improve the cost effectiveness of the RTM process, a method by which the

designer can test and validate manufacturing concepts such as tooling, processing cycles,

and material compatibilities must be found. The computer simulation of this complex pro-

cessing environment will allow these types of variables to be analyzed without the expen-

sive and costly trial-and-error approach currently used in much of the advanced composite

processing arena. A two-dimensional RTM process simulation model has been developed

which can be used to predict the critical parameters in resin transfer molding. Parameters

such as the part/mold temperature distribution, the resin kinetics and viscosity, and the

resin fluid motion through the fabric preform are predicted using this model. The formula-
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tion of the computer model will be discussed in this chapter. Each of the five sub-models

will be introduced and the theory behind each addressed. The five sub-models which make

up the computer simulation model include:

1) Flow sub-model

2) Kinetics sub-model

3) Viscosity sub-model

4) Heat Transfer sub-model

5) Compaction sub-model

4.1 Flow Sub-Model

One of the most important events in the RTM process that must be included in the com-

puter simulation is the resin flow into the fabric preform. This information will allow tool

designers to locate potential trouble spots in the infiltration of the fabric preform such as

dry spots, low pressure regions, and resin rich regions. The fluid sub-model was developed

for a two-dimensional complex shaped composite structure. The assumptions made in the

formulation of the model include:

1) The preform material consists of a heterogeneous anisotropic porous media.

2) The resin may be modeled as an incompressible Newtonian fluid.

3) A no-slip boundary condition is not enforced along the boundaries of the tooling

assembly, due to limitations in the numerical technique used to determine the

flow front. (See Chapter 5)
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4) Capillary and inertia effect are neglected (low Reynolds Number flow).

5) Resin must be contained inside the mold assembly.

The general expression for the continuity equation can be written as

_p
+ = 0 (4-1)

where p is the density of the resin (assumed constant) and _ is the average velocity of the

resin. Assuming an incompressible fluid and defining the superficial velocity ¢ for fluid

flow in a porous material as

v
1) = - (4-2)

where _ is the porosity of the preform, the continuity equation (4-1) reduces to

(4-3)

Since the domain into which the resin flows is a porous fabric preform, the flow sub-model

uses Darcy's law as the appropriate equation of motion to predict this movement. The one-

dimensional form of Darcy's law can be expressed as:

kA_P

Q - IX _x (4-4)

where Q is the volumetric flow rate, k is the permeability of the material, Ix is the viscos-

ity of the resin, and A is the cross sectional area. Considering an anisotropic porous mate-

rial, Darcy's Law may then be rewritten as:
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kijoP
1)i -- (4-5)

axj

where kij is the full permeability tensor. This form of the equation will allow for the pre-

diction of the resin flow front velocity as it moves through the fabric preform. In order for

Darcy's law to hold, the flow must maintain low a Reynolds number and the effects of

capillary and inertia forces are assumed insignificant.

Substituting equation (4-5) into equation (4-3) one obtains a general expression which

describes the pressure distribution within the fabric preform. The two-dimensional form of

this equation is:

r kxxOP kx___yOp] _ [-kxyOe ky_..yae] = 0
axE ayj- L OyJ

(4-6)

The solution of equation (4-6) provides the pressure distribution within the saturated por-

tion of the fabric preform. No transient terms are included in this formulation due to the

piecewise linear approximation of the time dependence in the finite element control vol-

ume scheme used in the computer model for solving the moving boundary problem. The

finite element control volume scheme will be addressed in detail in the next chapter.

The solution of the governing equation expressed in equation (4-6) must include the spec-

ification of boundary conditions. The boundary conditions used most frequently in the

solution of RTM design problems include a constant pressure inlet, constant flow rate at

the inlet, and the specification of no flow through the mold walls. Specification of inlet

pressure simply means that at any time during the infiltration process the inlet pressure is

known.
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Pi = Papplied (4-7)

Specification of a constant flow at the inlet is written as follows:

kxxOP kxyOP_ + ny (kxyOP _Q n = n x ( --ff- _--_+ _ _ y , --_ _----_+ )
(4-8)

Here fi is the unit vector normal to the surface at the inlet. Flow through a mold wall may

be restricted by requiring the boundary to be specified such that:

an -- 0 (4-9)

The solution of the governing equation (4-6) with the boundary conditions specified in

equations (4-7) or (4-8) and equation (4-9) results in the resin pressure distribution within

the preform. Once the pressure distribution is known, it is substituted into equation (4-5)

for the solution of the velocity field within the resin saturated preform. Velocity field infor-

mation is then used in the moving boundary technique (i.e. finite element control volume

technique) to solve for the resin flow fronts.

4.2 Kinetics Sub-Model

RTM processing of advanced composite materials most often involves the use of thermo-

setting resin systems. Due to the fact that these resin systems have an inherent chemical

reaction that causes a network of polymer chains to crosslink, the fluid and mechanical

properties of this class of materials is greatly dependent on the processing conditions.

Resin systems used in RTM tend to be relatively fluid upon heating and will normally stay

that way during some processing "window" in which infiltration must take place. During

this processing "window", a large exothermic reaction sometimes takes place which can
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generate a significant amount of heat. As time proceeds the resin system rapidly becomes

less fluid and begins to solidify. In order to accurately model the RTM processing using

these resin systems, some method of predicting these events is necessary.

The kinetics sub-model provides for the estimation of the curing parameters such as

degree of cure and the amount of heat evolved during the curing process. In addition to

directly providing values for degree of cure and heat generation, the kinetics sub-model

provides input for the viscosity sub-model which calculates the viscosity of the resin sys-

tem during processing.

If the assumption is made that the rate of heat generation during the curing process is pro-

portional to the rate of the cure reaction, then the degree of cure of the resin can be defined

as

H(t)

Hr
(4-10)

where H (t) is the amount of heat evolved during the curing reaction up to some time t

and H r is the total heat of reaction evolved during the entire curing process per unit mass.

The degree of cure of the resin can also be defined as

where

t

0

is the reaction or cure rate. The heat evolved at any time H (t) can be

expressed as:

(4-11)

f 'dH(t) = t (4-12)
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dq' H is the rate of heat generation from the reaction.
where _ or

a similar way as:

H r may be expressed in

(4-13)

where ty is the time of reaction completion. The heat of reaction for the resin saturated

preform can be expressed as:

P_

= -_cVrnr (4-14)

where Pc is the density of the resin saturated preform, Pr is the density of the resin, V r is

the resin volume fraction. Combining equations (4-10) through (4-14) we get an expres-

sion for the cure rate.

do__ 1 dq' _ 1i: I

dt HRdt H g
(4-15)

The cure rate, as well as the degree of cure of the resin system, is a function of the time

and temperature history of the resin system. These parameters are typically determined

using the Differential Scanning Calorimeter. By rearranging the expression (4-15) we can

get a relation for the source term which must be added to the expressions in the heat trans-

fer sub-models to account for the heat generated during the curing reaction.

d_

121 = _ n R (4-16)
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For the thermosetting resin system used in this work, the cure rate is expressed as a rate

equation.

dt - Aexp ( )f(oO (4-17)

where A is a pre-exponential factor, E is the activation energy, R is the gas constant, T is

the temperature of the sample, and f(0t) is a reaction function.

The resin system chosen for use in the experimental studies discussed in Chapter 8 was

Hercules 3501-6. A kinetics model was developed for this resin system by Chiou and Let-

ton [11]. This analytical model was incorporated into the kinetics sub-model. Chiou and

Letton broke the complex reaction down into three smaller reactions which would sum to

the total reaction of the resin system. The thermal analysis method chosen used a series of

dynamic scanning calorimeter (DSC) scans on the 3501-6 resin system. The DSC scans

dT
were each made at a constant heating rate, 13 = _-_. Rewriting equation (4-17) including a

constant heating rate gives:

dT ( )f(oO
(4-18)

For amine-cured epoxy resins the reaction functions chosen may be of several forms. One

can use either a n-th order reaction, f(ct) = ( 1 - ct) n or an autocatalytic reaction,

f(cx) = o_m ( 1 - o_) n. Here m and n are the reaction orders. Chiou and Letton broke the

complex reaction of 3501-6 into three independent reactions and developed a new expres-

sion for the cure rate.
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d_ 3 Ai _Ei

= _=lgi--ffexp (-_)fi (°_i) (4-19)-d-Zt°tal i

In this expression gi is a weighting function for each of the three reactions and is defined

as

H i

gi- Htotal
(4-20)

where H i is the heat of reaction for each independent reaction. Htota 1 is equivalent to H R.

The sum of gi is one for the reaction. Using equation (4-19) and the fact that

do_ 1 dH

dT HdT
(4-21)

an expressionforconve_ingthe experimental DSC tracesinto reaction componentsis

developed.

Ai -E i
dHexp = i = 1Hi-ff exp (-R-T ) f i ( °_i)

(4-22)

From this expression the gi's can be calculated and the reaction orders can be determined.

The reaction functions used for the 3501-6 reaction system are all n-th order. The parame-

ters Ai, Ei, and H i are all determined experimentally by DSC. The details of the fitting of

these parameters can be found in Chiou and Letton [ 11]. Table 1 provides the kinetic

parameters for the 3501-6 resin system used in the kinetics sub-model.
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TABLE 1Kinetic Parameters for the Complex Cure Reaction of Hercules 3501-6.

Reaction H lnA ErR n g

(J/g) (1/sec) (°K)

Major 427.8 17.37 11220 1.06 0.85

Medium 50.0 19.16 10250 1.17 0.095

Minor 27.4 46.22 20570 3.05 0.055

4.3 Viscosity Sub-Model

In order to calculate the resin infusion into the fabric preform, the viscosity must be

known as a function of position, temperature, and time. The viscosity of a thermosetting

resin system is a function of the temperature of the resin, the extent of reaction of the

resin, and the shear rate of the resin. The goal of the viscosity sub-model is to provide a

means of predicting the viscosity of the resin system within the environment created in the

resin transfer molding process. Due to the complex nature of the relationships between the

viscosity parameters, analytical expressions are not available at the present time. A rea-

sonably good approximation can be made by assuming that the resin system viscosity is

not strongly dependent on shear rate in the flow regime described by RTM processing and

therefore the resin may be modeled as a Newtonian fluid. This approximation may fail if

the shear rates in the resin system become significantly high in areas such as the inlet to a

mold. However, in a practical sense the Newtonian assumption provides a reasonable first

approximation. The viscosity of the resin systems would then be measured at low shear

rates and then fit to a function which includes the effects of both temperature and degree of

cure. The expression for this relationship is the well known Williams-Landel-Ferry or

WLF equation,
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In[ _ (T) -C 1 (T- Tg)
] - c2+

where rl (T) is the temperature dependent viscosity and 1"1(Tg)

glass transition temperature Tg. C 1 and C 2 are experimental constants.

is the viscosity at the

(4-23)

As mentioned in the previous section, the resin system used in this investigation is Her-

cules 3501-6. The viscosity data used for fitting the WLF equation come from the work

done by Chiou and Letton [ 11].

In order to fit equation (4-23), the relationship between degree of cure and Tg must be

established. By developing a master viscosity curve from a series of viscosity measure-

ments made at varying isothermal and dynamic temperature profiles and correlating these

results with degree of cure calculated using the kinetics modeling described in the previ-

ous section, Chiou and Letton developed a fifth-order polynomial fit of Tg vs. ¢t.

Tg = 283.42 + 196.4t_ - 925.4o_ 2 + 3435e¢ 3 - 4715t:t 4 + 2197t_ 5

Also, the relationship between viscosity and degree of cure was determined to be:

(4-24)

In [1"1(Tg) ] = 20.72 + 8.56o_- 9.69o¢ 2 + 41.17ct 3

The constants C 1 and C 2 determined from the master curve were

(4-25)

C 1 = 29.667

C 2 = 36.926
(4-26)
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From the relationships presented in equations (4-23) through (4-26) and knowing the ini-

tial extent of reaction of the resin system it is possible to predict viscosity as a function of

temperature and degree of cure.

Therefore, the viscosity sub-model uses information provided by the kinetics sub-model

(the degree of cure) and the heat transfer sub-model (temperature distributions) to deter-

mine the viscosity of the resin system as a function of temperature, time, and position

within the fabric preform.

4.4 Heat Transfer Sub-Model

One of the most important aspects of the modeling of the resin transfer molding process is

the prediction of the temperature distribution within the part/tool assembly. The impor-

tance of an accurate solution of the temperature inside the manufactured part cannot be

overstated. The temperature history that the part undergoes during processing can have a

profound effect on the part's integrity. The temperature can effect the viscosity and degree

of cure of the resin system, the final dimensions of the part, and the mechanical properties

of the finished part. The expansion coefficients of the various types of tooling used in

RTM processing must be analyzed closely since expansion can directly effect the quality

of the finished part. Also, varying the thermal history of a part can influence the mechani-

cal properties through the degrees to which the resin has been allowed to crosslink and any

residual stresses have developed.

The heat transfer sub-model is based on the two-dimensional transient heat transfer equa-

tion which includes a term for heat generation [17].
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_-_[axx- _ + axy-_) - (ayx-_- _ + ayy_-_) - = 0
(4-27)

where:

p = Density of the material

Cp = Specific heat of the material

a6 = Thermal conductivity of the material

u'" = p/C/= Heat generation term due to resin chemical reactions

In equation (4-27) it is assumed that the material is anisotropic and viscous heat genera-

tion due to the flowing polymer melt has been neglected. The density of the material is

assumed to remain constant throughout the processing cycle. Although the density of the

resin will change due to the chemical changes taking place during cure, the change is

slight and a good approximation is to use a constant value. Equation (4-27) is valid for the

saturated and unsaturated regions of the fabric preform and the tooling surrounding the

preform. Each region (e.g. the aluminum tooling, unsaturated fabric preform) will have a

different set of material properties and possibly a source term as is the case for the resin

saturated fabric preform region.

The solution of equation (4-27) can be obtained only after the specification of the initial

and boundary conditions. The initial conditions require that the preform/tool assembly ini-

tial temperature distribution be specified.

T i = T (x, y, t) = T (x, y, 0) (4-28)
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The only boundary condition used in the heat transfer sub-model is the convective bound-

ary condition written as follows

In x _T OT OT _T( axx-_ + axy-_) + ny ( axy-_ + ayy-_) ] + _ ( T- Too) =
(4-29)

where h i represents a unit vector normal to the boundary, 13 is the heat transfer coefficient,

Too is the autoclave air temperature and _ is a specified heat flux.

The first term in equation (4-29) represents the heat transfer due to conduction, the second

is the heat flux due to convection, and the third is the specified heat flux. Equation (4-29)

allows not only for convective boundaries but also for the specification of several other

types of conditions at the boundary. A constant temperature boundary can be approxi-

mated by setting the value of 13to a very high value and setting the value of T= to the

specified temperature. In this manner a specified temperature profile may be input by giv-

ing Too as a function of time. An adiabatic or zero heat flux boundary may be specified by

setting _ equal to zero. This provides some flexibility during the numerical implementa-

tion of these conditions as described in the next chapter.

The solution of equation (4-27), subject to the conditions in equations (4-28) and (4-29),

will provide the temperature distribution throughout the part/tool assembly. The numerical

implementation of these equations will be discussed in detail in the section on heat trans-

fer in the next chapter.

4.5 Compaction Sub-Model

The compaction sub-model was included in the RFI process model to estimate the final

part dimensions, resin and fiber mass, the amount of pressure necessary for consolidation,
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and the total amount of resin needed to completely saturate the fabric preform during pro-

cessing. The application of pressure is necessary in resin film infusion to ensure that the

preform is compacted to the desired dimensions and fiber volume fraction. This sub-model

was developed to specifically address preform compaction due to pressure application and

thermal expansion during the resin film infusion process. The process, as described earlier,

uses an autoclave to apply pressure to the part/tool assembly in a controlled manner. How-

ever, the autoclave pressure is also augmented by the expansion of the tooling and the ini-

tial compaction of the preform during loading. The criteria used in developing the model

were that the model be compatible with the existing sub-models, use a minimum of com-

putation time, and provide reasonable accuracy. If the geometry and loading do not vary

along the length of the preform then a plane strain analysis is acceptable.

If it is assumed that the displacement in the z direction (assuming z is much larger than the

x or y dimensions of the computational domain) is zero at every cross section then:

e'z =  'yz = "¢xz= 0

and the remaining nonzero strain components are:

(4-30)

Ou Ov Ou Ov
Ex = _---X £y = -_ _xy = _-y+_xx (4-31)

Here u and v are the displacements in the x and y directions respectively.

The equilibrium equations are described as follows:
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_C _X

--x +--xY + f x = 0
_x _y

xy y

+fy= o

(4-32)

where I_ i and x/j are the principal and shear stresses respectively, fx and fy are the body

forces in the x and y directions.The thermal expansion effects of the tooling are included

in the body force terms.

The materials commonly used in the RFI manufacturing process include aluminum tool-

ing, silicon rubber tooling, resin saturated graphite preforms, dry graphite preforms, and

graphite-epoxy tooling structures. As a first approximation the materials were assumed to

be isotropic and linearly elastic. This would greatly simplify the necessary analysis and

numerical calculations.

The constitutive relations are:

_x = CllEx + C12Ey

_y = C12Ex + C22Ey

'lTxy = C33Txy

(4-33)

where

E vE
Cll = C22 -- C12 -

1 - v 2 1 - v 2
C33 -

E

2(1 -v)
(4-34)

where v is Poisson's ratio and E is the modulus of elasticity.
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The boundary conditions can be applied as either specified displacements or traction

forces.

(4-35)

(Yxnx + "Cxyny = tx

^

_xynx + (Yyny = ty

(4-36)

By substituting the strain displacement relations and the constitutive equations into the

equilibrium equations an expression in terms of displacements can be found.

bu bv C b bu bv
-_x(Cll_-_+C12_"_) - 33_'_(_-'_+_-x ) =fx

-C b bu bv b bu bv
) c22 ) =fy

(4-37)

Looking at the boundary conditions including traction vectors we have:

(bu+bv
(Cll_x+C12_yy)nx+c33 by _ )ny=_x

bu bv bu bv ^

C33 (_--_ + _--_) n x + ( C12_- _ -t- C22_--_) ny = ty

(4-38)

Equations (4-37) and (4-38) provide a means of solving for the deflections within the part/

tool assembly during the resin film infusion process given the applied pressure profile in

the autoclave. These deflections are then in turn used as inputs for the flow model and also

used in the finite element control volume method of tracking the free surface movement of

the resin. The deflections are used in these routines to calculate new nodal control volumes
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and new permeability values during the flow modeling. A further discussion of the flow

model is given the next chapter.
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CHAPTER 5

Finite Element Formulation

5.1 Governing Equations

As discussed in Chapter 4 the model is broken up into five major submodels, Flow, Kinet-

ics, Viscosity, Heat Transfer, and Compaction. Together these five submodels provide a

complete description of the Resin Film Infusion (RFI) process. This chapter will address

the three major portions of the model, which are formulated as a series of Finite Element

Solutions. Each of the three Finite Element submodels will be defined and the application

of boundary conditions will be discussed. Finally, the last section of this chapter will illus-
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trate the numerical solution procedure used for the Finite Element/Control Volume Tech-

niques in the Flow sub-model.

5.1.1 Flow Sub-Model

In Chapter 4, the governing equations for the flow portion of the model are developed

using Darcy's Law and the Continuity Equation. The governing equation for two-dimen-

sional resin mold filling is:

r -kxx (_e- -kxy _e ]q- _-_-r-kyx (_P -kyy _e ]_L-_ _ +--(_) ) +-- 0 (5-1)!a ayL la _ l.t (_) =

where kij and Ix are the local permeability and viscosity, respectively. The second order

partial differential equation solution yields the pressure distribution P(x,y) of the resin.

Solution of the second order partial differential equation is obtained by the finite element

variational method outlined in Reddy's text on finite elements[ 13]. The finite element for-

mulation in matrix notation would be as follows:

IKT_" {pe} = { F7 } (5-2)

where

e ray/ -kxx%
/_u = _L_ (_+----

-kxyO_g j Otg i (-kyxOVj
g Oy )+-J-y g 3x

l_y _

]
+ ) |dxdy

Ix ay .J
(5-3)

F i = I f_gidxdy + _ qnds

_']e Fe

(5-4)

Here f represents any source or sink term present in the element, qn represents a specified

natural boundary condition or flow rate along the surface of an element, I_/i and Vj are lin-
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ear interpolation functions. The elements are assembled into a global matrix and solved

for Pi using a half bandwidth gaussian elimination method. Due to the need to repeatedly

solve this series of linear equations during the filling process, a modification was made to

the gaussian solution routine that would drop all rows and columns (of the global assem-

bly matrix) for which a pressure of zero was specified. By removing the rows with nodal

pressures specified to zero, the system of equations could be reduced considerably, thus

giving a large savings in computational time. The justification for specifying the nodal

pressures to zero is given later in this chapter in the section on the Finite Element/Control

Volume method.

The current version of the model provides only for four node linear rectangular elements.

The boundary conditions which can be specified in the Flow submodel include flow rate

and applied pressure. The finite element formulation allows for the inclusion of line

sources, point sources, and sinks. Boundaries such as mold walls may be specified by set-

ting a zero pressure gradient across that surface. Inlet ports can be modeled using a speci-

fied pressure (primary variable) or flow rate (secondary variable).

5.1.2 Heat Transfer Model

The Heat Transfer model is formulated in much the same manner as the Flow Sub-model.

The governing equation developed in Chapter 4 is:

where:

, 3T+ _T. _ , _T 3T u'"
p Cp_Tt _x (axx-_ axy_-y ) + -_ I'ayx_ + ayy-_) + = 0 (5-5)

p = Density of the material
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Cp = Specific heat of the material

a 6 = Thermal conductivity of the material

u'" = Heat generation term due to resin chemical reactions

The solution of equation (5-5) provides the transient temperature distribution T(x,y,t)

within the part/tool assembly. As with the Flow sub-model, variational methods are again

used to provide the finite element formulation. In matrix and variational form:

EMe_ { Z'} + EKe] { Z} = { F e} (5-6)

where:

M_ = I pCp_li_ljdxdy

e

Kij = _ _axx_- _ -_ _- axy_xx _-_ + ayx-_ -_ + ayy_y Oy ) dxdy + Fe_ _li_lljds (5-7)

= - -f u'"_lidxdy + _ TooFej ids

_'2 e Fe

Note that convective terms have been included in the equations. [3 represents the convec-

tive heat transfer coefficient applied at a boundary and Too denotes the ambient tempera-

ture. In order to account for the time-dependent nature of the heat transfer problem, the

mass matrix M has been added to the formulation. The numerical approximation scheme

used in the transient heat transfer problem is the Direct Time Integration scheme [ 13]. The

numerical scheme amounts to a linear interpolation of the temperature gradient. The theta

approximation is used and is defined as follows:
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IT}n+ 1 + IT} n

0{Z'}n+l+ (1-0) {T'}n = At (5-8)

where At = tn+ 1 - tn which is the time difference between the previous and current time

value. The value of 0 allows for the selection of the type of difference scheme used in the

model. A value for 0 of 0.887 was selected for use in this modeling effort. This value is

based on an optimal value necessary for a reasonably accurate solution with a minimum

amount of computation as reported for heat transfer problems of this type in [14]. A more

complete discussion of the time integration scheme may be found in [13].

Following the approach discussed in Section 5.1.1 the elemental matrices are then assem-

bled into global matrices (in half-bandwidth form) and solved using a half-bandwidth

gaussian elimination routine.

The boundary conditions for the Heat Transfer Sub-model which can be specified include

convective boundaries, heat generation sources, and temperatures.

5.1.3 Compaction Model

The governing equations for the compaction model are based on the plane elasticity equa-

tions assuming plane strain conditions. As described in Chapter 4, these equations and

assumptions lead to the following governing equations.

__ tr bu__ Ov C a .bu bv
_-X''ll_'x-- C12_-_ ) - 33_-_(_--_d-__ ) =fx

_C33_x ._U _v _ _u bv) c22 ) =fy

(5-9)
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Once again Cij represent the material constants, f/are the applied forces and u and v are

the displacements in the x and y directions, respectively. The finite element formulation

for these governing equations is as follows.

Igll_{u}-I-[g12_{v}: {F1}
[:1__u_÷[:_ _v_- _:_

(5-10)

where

g]; = _ (C _li_lJ _liOlgJ )dxdy
11_'_ _ -I-C33_y _y

[2 e

12= K21 = _ (f, _lqli_lqlj _ _li_lqlj
gij "12_-_ _-_ -I- C33 _ _ ) dxdy

f_
e

22 _l i_lJ _l i_l]lJ ) dxdy
Kij = _ (C33_-- _ _-_ -I- C22._y Oy

e

F_ = _ lg.fxdxdy + # Igitxds

_e re

F 2 = _ Ig.fydxdy-t- # Igityds

_-_e Fe

(5-11)

fi and t i are the applied body and traction forces, respectively. Linear interpolation func-

tions are used and equation (5-10) is assembled into a global matrix form and solved using

gaussian elimination.
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Boundary conditions for the Compaction Sub-Model include applied tractions, body

forces and/or displacements.

5.2 Finite Element/Control Volume Technique

An essential part of the resin transfer molding modeling effort is the accurate prediction of

the flow front movement. There are many different algorithms available for tracking the

movement of the flow front. These include the Marker-and-Cell method, Finite Differ-

ence/Control Volume, Dynamic Remeshing using Body-Fitted Coordinates, Boundary

Elements, and the Finite Element/Control Volume approach. Of these methods the Finite

Element Control/Volume approach was selected for use in this model. The Finite Element/

Control Volume approach has several advantages:

• Conservation of mass is upheld.

• It is numerically efficient.

• Complex geometries can be modeled accurately.

• It has no difficulties in tracking the flow front.

The Finite Element/Control Volume method used is based on work done by C.L. Tucker

[4]. The method uses a fixed mesh which greatly simplifies the modeling aspects of com-

plex geometries and reduces the amount of computation needed for flow front prediction.

Although the technique does not have the flow front accuracy as do some of the other

techniques, the Finite Element/Control Volume method can provide a good approximation

with some post-processing.
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5.2.1 Domain Discretization

The control volume technique is based on the assertion that each of the finite element

nodes present in the mesh can be surrounded by a "control volume" which is a collection

of sub-volumes from all the surrounding elements. These sub-volumes are defined by how

many nodes each element contains. In this model only two dimensional elements are pos-

sible (namely, a linear triangular, and a linear quadrilateral element). Therefore, for all

cases discussed, each element is of a certain unit thickness and the area is all that is needed

to define the sub-volume.

The domain of interest is discretized using finite elements and is then further broken up

into a collection of sub-volumes as depicted in Figure 7. The dashed lines indicate where

the elements have been sub-divided and the solid lines represent the element boundaries.

Figure 8 illustrates the construction of a control volume between a typical triangular and

quadrilaterial element. The sub-areas contributing control volume 1 are summed from all

elements which contain node 1. In this manner all the nodal control volumes are calculated

using the appropriate area formula. Once the nodal coordinates are known the areas are

calculated using equation (5-12). (See Figure 9)
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FIGURE 8 Control Volume construction
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FIGURE 9 Triangular and trapezoidal element notation.
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5.2.2 Resin Front Tracking

The control volume method tracks the progress of the resin front moving though the

domain by monitoring the state of each nodal control volume. These control volumes can

be empty, filled, or partially filled. The resin flow front is located bY determining all the

nodes in the computational domain that are partially filled. Thus, the accuracy of the flow

front is determined by the density of the control volumes or elements in the region of

interest. In order to reduce the error of the flow front location, a quadratic interpolation is

done using the fill factors of the nodes surrounding the flow front. This allows for a

smooth curve to be passed between the nodes and thus refines the shape of the flow front

to some degree.

The amount of a control volume that is filled is represented by a quantity known as the fill

factor. The fill factor is the ratio of the filled volume to the total volume of the nodal con-

trol volume. Therefore, the fill factor varies from 0 to 1.0 where 0 represents an empty

control volume (no resin) and 1.0 represents a control volume completely full of resin.

The flow front advances through the domain by filling these control volumes during a

specified time interval.

5.2.3 Flow Rate Calculation

Once the pressure distribution has been determined and the computational domain has

been discretized the flow front movement may be determined by first calculating the flow

rate of the fluid into those control volumes which are partially full or empty. In order to

calculate the flow rate, a flow surface is constructed across which the fluid moves with a

velocity calculated at the center of the element from the pressure distribution. The flow

surface is constructed by connecting the midpoints of adjacent sides of the elements. In
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m

Figure 10 ab represents one such surface. By summing the flow rates across surfaces ab,

b_, cd, and da, the flow rate into control volume 2 can be calculated. The velocity at the

centroid of the each element is calculated using Darcy's Law and the pressure gradients.

-kijoP

vi- g Oxj (5-13)

The model assumes that the velocity of the fluid is constant within each element. A vector,

Nn, normal to the flow surface is constructed which has a magnitude of the length of the

flow surface (See Figure 10). By taking the dot product of mn and Ve the flow rate can be

calculated into the control volumes.

aen = Ve • ffln (5-14)
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FIGURE 10 Flow rate calculation nomenclature.
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5.2.4 Updating Fill Factors

Once the flow rates into each control volume have been calculated, the next quantity

which must be updated is the fill factor of the associated control volume. The fill factors

are updated for each time step in the flow solution. Given the fill factors at the previous

time step and the time step used for that iteration, a new value for each nodal fill factor can

be calculated:

ZQen At

f_+ln =/n "l" e
V (5-15)

n

where fin+ 1 and fin are the fill factors at the new and previous time steps respectively, V n is

the nodal control volume and A t is the value of the time step which is addressed in the

next section.

5.2.5 New Time Step Calculation

The solution scheme continues by calculating a new time step value to be used in the next

iteration of flow solution. The magnitude of the time step chosen is based on the smallest

amount of time necessary to fill one nodal control volume at the flow front. Thus, the A t's

are calculated for all the unfilled (0 < f < 1.0) nodal control volumes and the smallest of

these is selected as the new A t. The relation used for calculating the A t necessary to fill a

nodal control volume is:

At-
(1-fn) V n

Z Qen
(5-16)
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Once a new time step has been determined, the finite element control volume method con-

tinues by checking to see if all nodes have been filled. If all nodes are filled the flow solu-

tion is stopped. Otherwise, the newly calculated time step would be used by the transient

heat transfer sub-model which would then calculate a new temperature distribution. This

new temperature distribution is then used to modify the elemental viscosities and degrees

of cure. Once this has been accomplished the pressure boundary conditions are updated

and the scheme returns to calculate a new temperature distribution. The finite element con-

trol volume technique is summarized in Figure
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FIGURE 11 FEM Control Volume Method Flowchart.
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CHAPTER 6

Computer Program

As discussed in the previous chapter the numerical implementation of the RTM model is

divided into five major sub-models (flow, kinetics, viscosity, heat transfer, and compac-

tion). This chapter describes the computer program, based on these sub-models, which

was designed to numerically simulate the resin transfer molding process. Discussed in this

chapter are the overall structure of the computer program and also the pre-processing, pro-

cessing, and post-processing sections of the program. Also described are some of the

details about what additional hardware and software are necessary for running the com-

puter program. A listing of the program is provided in the Appendix of this document.
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Although the computer model is based primarily on the five sub-models mentioned, the

interaction between sub-models, as well as additional features, have been included in the

computer model as separate subroutines. A schematic representation of the overall struc-

ture of the RTM computer model is shown in Figure 12. The computer code itself is bro-

ken mainly into three finite element processing routines along with many other

subroutines which control and track various parameters during the computation. As shown

in Figure 12, the first step taken is to input the various geometries, material properties, and

boundary conditions into the problem. However, in order to get these conditions into the

proper form for entry into the code some pre-processing must be done.

6.1 Pre-Processing

The first step in constructing a simulation of any resin transfer molding operation is to

model the geometry of the fabricated part and the associated tooling. A commercial pre-

processing code called PATRAN (developed and distributed by PDA engineering) is used

as a means of constructing the geometry of the part/tool assembly. PATRAN allows the

user to input the geometry, assists in the discretization of the domain into elements, and

applies boundary conditions to the model. PATRAN provides the user with a graphical

environment to work in and allows also for a variety of geometric description files to be

converted into the proper form for the finite element processor. Relatively complex geom-

etries can be fashioned within PATRAN itself, or if needed another commercial CAD

package can provide the geometry for PATRAN through a graphical interchange file such

as IGES. The flexibility of the interface and the ability to model relatively complex geom-

etries, material types, availability, and boundary conditions were all issues in the choice of

PATRAN as the preprocessor.
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FIGURE 12 RTM Simulation Program Flow Chart
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Output from PATRAN to the processor takes place through a standard ASCII formatted

text file called a NEUTRAL file. This file allows for the easy integration of the model

input information into the processor computer program.

6.2 Processor

The processor portion of the simulation program contains the subroutines responsible for

calculating and tracking the many changing variables during the RTM simulation. Rou-

tines for the processor portion were written in FORTRAN. The processor program con-

sists of three main finite element subroutines which do the largest part of the

computational work. The other subroutines included in the processor program are used for

updating and tracking the many variables used in the three finite element subroutines. A

modular approach was used in designing the processor routine. This approach dictated by

the size and complexity of the problem being simulated and the need for flexibility in the

types of problems that could be solved using the processor. The modular structure of the

processor allows for smaller subset problems to be run using the same processor. For

example, if a simulation of an isothermal resin transfer molding process was necessary,

the same processor routines would be used except for the heat transfer sub-routines. These

temperature sub-routines would return constant values of the material properties during

the simulation. The same is true if compaction was not needed in the simulation.

Because of the complexity of the problem, the approach taken was to numerically solve

the temperature and compaction portions of the problem with piecewise linear approxima-

tions in time, rather than attempting to solve the coupled set of non-linear governing equa-

tions. This allowed a reduction in the amount of required numerical computations and

allowed a modular design. It was felt that a reasonable amount of accuracy could be
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attained with this approach. An important implication of the use of a piecewise linear

approximation was that the time steps must be chosen carefully in order to maintain this

accuracy.

Although the modular design allowed for a reduction in the number of numerical compu-

tations, it became evident during simulation of RTM problems with complex geometries

that a method for further reducing the computation time was necessary. An execution pro-

filer was used to analyze each of the routines within the processor modules for the percent-

age of time spent within each subroutine. An example is shown in Figure 13. It is easily

seen that the largest percentage of time was being spent in the SOLVE routine. This is the

common routine used by all the finite element subroutines for solving a series of linear

equations. The SOLVE routine uses a half bandwidth gaussian elimination method for

solving the linear equations. It can also be seen from Figure 13 that the finite element sub-

routines do not necessarily call the SOLVE routine with the same frequency. In this case

the temperature routine required the largest share of the computational resources. Hence, it

is evident that the time steps and mesh density used in the resin transfer molding process

simulations will require some tuning to increase efficiency of the processor routine. The

tuning was done by running a series of test cases with different meshes and time step

parameters and comparing the results with the help of the on-line execution profiler. Some

improvements to the original SOLVE routine were made to eliminate the extra time spent

resolving for all the nodal quantities during each time step in the flow solution. Instead of

solving for the entire flow region at every time step, which included those nodes where the

pressure had been specified as zero, a reduced matrix was formed which included only the

unknown pressure quantities and the required boundary conditions. Effectively this was

done by eliminating all the rows and columns in the global stiffness matrix where a value

of zero was found for the primary variables.
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The result was a more than 60% reduction in the amount of CPU time spent in the flow

routine. Although this was a significant improvement, there still remains a need for more

efficient ways of solving these equations.

The general solution procedure contained within the processor routine begins with the

input of material properties and boundary conditions from the PATRAN preprocessor. The

model is built in three stages or regions. The first model built includes the regions in which

the flow is to take place. A mesh is generated which incorporates all the inlet or initially

saturated regions. The material property data and boundary conditions are included. This

information is included in the first of three PATRAN neutral files. Next, a model is built

which includes the associated tooling and bagging materials required during the process-

ing. This model includes as a subset the first PATRAN flow model and contains the initial

input required for the temperature model. A PATRAN neutral file is constructed again

with material property, boundary, and initial conditions. The final neutral file used as input

for the processor routine contains material property and boundary conditions for the gen-

eralized plane strain finite element solution which is the third region of the model. The

compaction PATRAN neutral file contains the exact same geometry that was included in

the temperature input file. An additional initialization file is read by the processor routine

and includes the cure cycle information and the initial reaction state of the resin system.

Once the initialization process is complete, the processor routine calculates the initial con-

trol volumes in the flow region. Next, the finite element routine for calculating the pres-

sure distribution is triggered. The processor proceeds with the solution technique

described in Chapter 5 in the discussion of the control volume method. Upon completion,

the flow subroutine provides the pressure distributions and elemental velocities which are
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then used for calculation of the flow rates into the nodal control volumes. Once the flow

rates have been determined, the fill factors and a new time step for the flow solution are

calculated. At this point the flow solution is complete for the current time step and the flow

boundary conditions are updated for use in the next iteration. The next routine encoun-

tered in the processor is the kinetics routine. The resin kinetics for the present tempera-

tures of each of the filled elements are calculated in this routine. Next, the perrneabilities

of the elements are updated based on the current size of the nodal control volumes and the

present elemental viscosities are calculated based on the current temperatures and degree

of cure. Based on the time step calculated in the flow solution, a new value of Too is found

by interpolation of the cure cycle information. The new value of Too is then used in the

transient heat transfer finite element routine. Once the new temperature distribution within

the part/tool assembly is determined, the material dependent properties such as resin vis-

cosity are updated. Temperature information is also fed into the finite element compaction

routine in order to calculate the effects of thermal expansion on the part/tool assembly.

The new displacement field is then used to update the nodal control volumes for the next

iteration. At this point one iteration of the processor routine is complete. The current time

is checked against the cure cycle values, and if the cycle is not completed then the code

returns to the finite element flow solution for the next iteration. An outline of these steps is

shown in Figure 12.

At the conclusion of the cycle, the processor routine returns several data files that are used

in post-processing. The returned data files include several PARTAN results formatted files

for variables such as viscosity, degree of cure, temperature, and flow front. Also included

in the output is an ASCII file containing the time, temperature, viscosity, degree of cure,

and porosity values at specified intervals during the curing cycle. The PATRAN results file
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are later used in graphically representing these variables during the resin transfer molding

process simulation.

6.3 Post-Processing

The final step in the simulation process is to display the results in a manner that informa-

tion or insight into the resin transfer molding process can be gained. The processor gener-

ates a large volume of information about many processing variables. Due to the transient

nature of the problem being simulated, these processing variables must be tracked and dis-

played as a function of time. These results can be displayed as either static or dynamic

images of the processing variables. The PATRAN result files contain processing variable

data stored at selected times during the cure cycle. This data can be used within PATRAN

to create plots of a processing variable at a selected instant in time. One such fringe plot of

a "T"-stiffened panel is shown in Figure 15
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FIGURE 14 PATRAN results plot.

A series of these plots canbe used to observe.hOw the processing variables change during

the RTM process.

However, in order to display multiple variables and observe changes in these variables

with time, another post-processing program has been used. The AVS program marketed by

Advanced Visual Systems, is currently being used to dynamically display these variables.

AVS provides a graphical interface and has a modular programming paradigm which

allows users to quickly create a variety of visualizations. An example of the programming

paradigm and the visualizations that are possible in AVS are shown in Figure 14. AVS can

display multiple variables such as viscosity and degree of cure simultaneously as well as

animating the changes in these variables through the use of an animation module.
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FIGURE 15 AVS display.
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CHAPTER 7

Model Verification

Formulation and computer implementation of the resin transfer molding model have been

addressed in the previous chapters. In this chapter a discussion of the experimental verifi-

cation of the computer model will be presented. At the present time a complete experi-

mental verification, including all elements in the computer model. However, the flow and

heat transfer submodels have been individually verified. The results of these experimental

investigations will be discussed in this chapter. Also included in the first section of this

chapter, is a comparison of resin flow model results with those in published literature.
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7.1 Flow Submodel Verification

Sincea complete experimental verification of the resin transfer molding computer model,

including the heat transfer, compaction and flow portions of the model, was not available,

an alternative method of verifying the accuracy of the computer model was sought. The

method chosen was to verify the three main components of the model independently. The

first of these verification efforts involved the resin flow simulation. Two approaches were

used to check the resin flow model. First, experimental results from the published litera-

ture were chosen as a comparison with the flow model. Second, several experiments using

a two foot square flow visualization test fixture were carried out. These comparisons are

discussed in the following sections.

7.1.1 Flow Model Comparison with Literature Results

The flow model was used to simulate two mold filling experiments described in published

literature. The first of these was a study reported by Young et. al. [10]. The experimental

apparatus consisted of two acrylic sheets 13.5 cm x 40 cm x 1.5 cm. A random glass fiber

mat was placed between two acrylic sheets and compressed with clamps to a thickness of

0.58 cm. At that thickness the fiber volume fraction of the continuous random glass mat

was 18%. An injection port was placed at the center of the upper acrylic plate to allow for

injection of a nonreactive fluid. The fluid viscosity was 0.08 paos and the injection flow

rate was 22 ml/s. The diameter of the inlet port was not reported by Young [ 10]. Hence the

inlet port was assumed to be 0.635 cm in diameter. A 2.5 cm hole was cut through the

thickness of the mats directly beneath the center injection port to eliminate any through-

the-thickness effects in the flow front. A fluid filled cylinder was placed in an Instron test-

ing machine and the cylinder's piston was subjected to a constant displacement rate. The
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fluid was then expelled from the cylinder and forced into the inlet gate on the mold at a

constant flow rate. A schematic of Young's experimental apparatus is shown in Figure 16.

Instron w/Load Sensor

8.25 cm Diameter

Cylinder

vity

Bleed Valve

-_._ 14 cm

FIGURE 16 Young's Mold Filling Apparatus.

The experiments were run under isothermal conditions at room temperature. Viscous heat-

ing effects were not included due to the small mold filling rate and fluid viscosity. Six lay-

ers of random mat were used to build the thickness of the cavity.

The permeabilities used in Young's analysis were measured and reported as a function of

superficial velocity and porosity of the random fiber mat. The relationship used is as fol-

lows
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k x = ky = 241v' +40e 5"45_ (7-1)

where v' is the superficial velocity and _ is the porosity of the random mat. In order to cal-

culate the permeability, the superficial velocity at the 2.5 cm hole in the cloth was calcu-

lated and used along with the mat porosity in equation (7-1). Table 2 details the material

constants and boundary conditions necessary for the modeling of Young's experiment.

TABLE 2 Material Constants and Boundary Conditions for Young's Experiments [10].

mold size

porosity

cavity thickness

fluid viscosity

flow rate (inlet)

superficial velocity

(inlet)

kx=ky

inlet diameter

13.5 cm x 40 cm x 1.5 cm

0.82

0.0058 m

0.08 paos

2.24E-05 m3/s

4.102E-03 m/s

4.53085E-09 m 2

0.00635 m

These material constants and boundary conditions were used as input for the resin flow

model. A pre-processing model was created in PATRAN. The generated mesh and the

inlet boundary conditions are shown in Figure 17. At the beginning of the simulation, the

inlet element was given nodal fill factors of 1.0 and a constant velocity was applied to the

element. The results of the simulation are shown in Figure 18. The measured flow front

values are depicted by dashed lines, and the solid lines represent the model calculated val-

ues. Agreement between the model and the experimental flow front results is reasonably

good. The inlet pressure as a function of time is plotted in Figure 19.
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FIGURE 17 PATRAN generated mesh for Young's experiment.
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Experimental
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FIGURE 18 Flow front versus time results for Young's experiment [10].
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FIGURE 19 Inlet pressure versus time for Young's experiment.

Once again the solid lines indicate the model calculated values and the dashed line repre-

sent the measured values. Agreement between the calculated and measured inlet pressure

versus time is reasonable except near the end of infiltration. Sources of error in the com-

puter simulation could have come from inaccurate estimates of the mat permeabilities, the

assumed dimensions of the inlet port, neglecting surface tension and capillary forces, the

numerical approximations of the geometry and fluid flow, and not including the effects of

the no-slip boundaries in the model. Considering the sources of error, the computer simu-

lations approximate Young's experimental results reasonably well.

The second experimental study used for flow model verification was reported by Coulter

[6]. Coulter's experimental apparatus was very similar to that described in Young's paper
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which was shown in Figure 16. The mold assembly consisted of a 0.3 m x 0.2 m test spec-

imen section which could hold a preform between 0.003 m and 0.005 m thick. The pre-

form was surrounded by an aluminum spacer plate with the same thickness as the preform.

Cutouts, 0.02 m in length, were machined in the diagonal corners of the spacer plate to

allow for inlet and exit of resin. A graphite fabric preform was inserted into the mold

assembly and enclosed in-between an aluminum bottom plate and a plexiglass top plate.

As in Young's work, a piston and cylinder assembly was placed between the grips of an

Instron machine, and a constant crosshead speed was maintained in order to provide a con-

stant flow rate injection into the mold.

The velocity variation across the inlet region was ignored. The tests were performed at

room temperature, under isothermal conditions. The test fluid chosen was corn syrup with

a reported viscosity of 4.22 Paos. A red dye was added to the corn syrup to increase its vis-

ibility during infiltration. The fluid was considered to exhibit Newtonian behavior. The

material constants and boundary conditions used for the resin flow model are reported in

Table 2.

TABLE 3 Material Constants and Boundary Conditions for Coulter's Experiments[9].

mold size

porosity

cavity thickness

fluid viscosity

velocity(inlet)

k X _-

ky =

inlet length

0.3 m x 0.2 m x 0.004 m

0.65

0.004 m

4.22Paos

0.0014 m/s

2.97E-09 m 2

1.12E-09 m 2

0.02 m
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Unreported in Coulter's work were the fiber volume fraction and the thickness of the fab-

ric preform specimens. An average thickness (0.004 m) was chosen from the range of

thicknesses supported by the mold assembly. The fiber volume was then approximated

from reported data obtained from the manufacturer of the graphite fabric and the selected

thickness. A value of 35% fiber volume was used in the flow simulation model. The mate-

rial constants and boundary conditions used in Coulter's work are reported in Table 2.

A mesh was generated using PATRAN and is shown in Figure 20.

-----.11-

FIGURE 2O PATRAN generated mesh for Coulter's experiment.

The resin inlet port was located at the upper left hand comer of Figure 20. The resin exited

at the port placed at the diagonally opposite comer of the mesh. At the start of the simula-

tion, the elements at the inlet of the mold were fully saturated. The flow solution pro-
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ceeded until all the nodal fill factors in the mesh were filled with resin. Only the flow

simulation submodel was utilized. The heat transfer and compaction submodels were not

needed during the simulation. The results of Coulter's mold filling experiments are shown

in Figure 21. The solid lines shown represent the resin front location at various mold fill-

ing times.

t = 200 s At = 200 s
tfi]1 = 2200 s

FIGURE 21 Coulter's experimental flow front results.
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FIGURE 22 Flow front versus time results for Coulter's experiment.

The flow submodel simulation results are shown in Figure 22. Comparing Figures 21 and

22 it can be seen that the contact between the fluid and the mold walls plays an important

role in determining the shape of the flow fronts. Since the flow submodel neglected the

effects of a no-slip boundary condition, the fluid was allowed to slip along the mold wall.

As can be seen in Figure 21, the no-slip boundary significantly affects the flow front shape

along the mold wall. However, along the sides and bottom mold surface the no-slip condi-

tion played a somewhat lesser role in determining the flow front shape. Although there

was a difference in shape of the flow fronts, the total infiltration time predicted by the flow

submodel (2053 seconds) was fairly close to the actual value (2200 seconds).

The predicted and calculated values of the inlet pressures are compared in Figure 23. The

solid lines indicate the pressure predicted by the flow simulation model, and the dashed

lines represent Coulter's measured inlet pressure values. Also, included in Figure 23 are
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the predicted values of inlet pressure using Coulter's simulation model. As can be seen,

the predictions of inlet pressure versus time are somewhat erratic. The flow simulation

model calculated inlet pressure initially overshoots the measured pressure and then begins

to level off before rapidly increasing just before complete infiltration. The differences

between the simulated and experimental results for inlet pressure can be attributed to

many of the same factors discussed for the flow patterns. Due to the differences in satu-

rated preform areas at the same value of time, the pressure distributions at the inlet would

be expected to vary significantly. This would explain why the predicted inlet pressure is

different from the measured pressures even though the values of final predicted and mea-

sured infiltration time agree reasonably well.

Several important assumptions were made in the simulation that could introduce some

degree of uncertainty into the results. First, the thicknesses of the specimens tested by

Coulter were not reported. Second, due to the unknown specimen thicknesses, the fiber

volume fractions had to be estimated. A small variation in either of these parameters could

produce a significant change in the simulation results. With the inclusion of the proper

mold boundary conditions and the effects of surface tension and capillary pressure, the

simulation results could be expected to improve considerably. The purpose of this verifica-

tion was to prove the viability of the resin flow simulation model. Allowing for the uncer-

tainties in the boundary conditions and material parameters reported by Coulter, the

simulation results demonstrate that the resin flow submodel can provide a reasonably

accurate simulations of the mold filling process.
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FIGURE 23 Inlet pressure versus time for Coulter's experiment.

7.1.2 Flow Model Comparison with Experimental Results

Although a comparison with reported data in the literature provides a good means of

determining the viability of the flow submodel, the uncertainties in such reported data

leave open the question of the model accuracy. In order to better address the question of

flow model accuracy, an experimental investigation was undertaken. The purpose of this

investigation was to determine how well the flow submodel could predict a simple infiltra-

tion pattern.
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A mold was constructed which allowed for the infiltration of a 0.6096 m x 0.6096 m (2 ft.

x 2 ft.) test specimen. The mold assembly consisted of a plexiglass upper plate and an alu-

minum lower plate with an aluminum frame surrounding the test specimen. A fabric spec-

imen was placed in the fixture, and the aluminum frame was used to clamp the plexiglass

lid down to the lower plate. A series of bolts along the sides of the frame were torqued

down to provide the clamping force. A single injection port, 0.00635 m in diameter, was

machined into the center of the lower plate of the test fixture. To control the fluid flow into

the fixture, a shut-off valve with a pressure gauge was connected to the inlet. Plastic tubing

was used to connect a pressurized container of fluid to the valve/gauge/fixture assembly.

The pressure in the container of fluid was maintained at a relatively constant value during

the infiltration of the test specimen. Figure 24 shows the apparatus used in the experi-

ments. A video camera was used to record the resin flow pattems during the mold filling

experiments.

The test specimen material consisted of a plain weave glass fabric. Eleven plies of the

glass fabric were placed into the test fixture and clamped together. This provided a fiber

volume fraction of approximately 43% in the test specimen. Corn oil was used as the infil-

trating fluid. A red dye was added to the corn syrup in order to allow for better visibility of

the resin flow front movement. Once again the experiments were carried out under room

temperature, isothermal conditions. The fluid viscosity was measured prior to the test.

Once the valve at the inlet to the fixture was opened pressure readings as a function of

time were recorded at the mold inlet and inside the pressurized fluid container.
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FIGURE 24 Experimental apparatus.

The pressure versus time profiles for both the pressurized container and at the mold inlet

are shown in Figure 25. A nominal pressure of 103 MPa (15 psi) was maintained inside

the pressurized container. Some variation in pressure did occur as is shown in Figure 25.

The inlet pressure initially decreased rapidly to almost 0 Pa but then recovered and contin-

ued to measure approximately 75 MPa (11 psi) for the remainder of infiltration. The pres-

sure versus time profiles were used as a specified pressure boundary condition in the flow

simulation model. Table 2 details the material constants and boundary conditions used in

the flow simulation submodel.
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FIGURE 25 Pressure versus time for center-port injection.

TABLE 4 Material Constants and Boundary Conditions for Center-Port Experiment.

mold size

porosity

cavity thickness

fluid viscosity

pressure (inlet)

k X --

ky =

0.6096 m x 0.6096 m x 0.0038 m

0.57

0.0038 m

0.0635 paos

103421 Pa

1.402E- 10 m 2

1.946E- 10 m 2

inlet diameter 0.00635 m

The permeabilities of the glass fabric were measured using a fully saturated sample under

steady state flow conditions. Details of this technique, as well as a detailed description of
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the glass fabric values, can be found in Hammond [15]. It should be noted here that these

permeabilities are a function of the porosity of the glass fabric specimen.

A PATRAN pre-processor model was constructed using the dimensions of the mold

assembly. The PATRAN generated mesh, shown in Figure 26, also allowed for side port

injections to be modeled. The higher density of elements in the center of the mesh enabled

the side ports to be included. Another feature incorporated into the mesh is the ability to

model a channel around the perimeter of the test specimen. This would be necessary when

a side port injection test was being done with the use of a channel to distribute the fluid

around the fabric specimen.

A series of still frame images were captured from the video tape of the center-port injec-

tion experiment. These images were captured at 5 second intervals during the test. The

resulting flow fronts predicted from the flow submodel were plotted at the same time inter-

vals. The video images and the PATRAN plots were superimposed on each other in order

to check the accuracy of the flow submodel predictions.

Several flow submodel cases were run using the boundary conditions and material con-

stants presented in Table 2. It was found that the predicted and experimental flow front

profiles did not agree. A reason for the discrepancy was that constant values of preform

thickness and porosity were used in the calculations. It was found through a separate finite

element analysis, that the plexiglass top plate deflected when the fabric preform was com-

pressed to the thickness of the mold cavity. Furthermore, the plexiglass plate would

undergo additional deflection when fluid under pressure was introduced into the mold dur-

ing infiltration. This added deflection changed the thickness, the fiber volume fraction, and

the permeability of the preform. The distribution in the deflections ranged from 0 at the

clamped edges of the mold to a high of 3 ply thicknesses or about 0.45 mm at the center of
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the mold. The resulting deflection, calculated from the finite element analysis of the plexi-

glass lid under uniform loading, was incorporated into the flow submodel boundary condi-

tions to account for the variations in fiber volume fraction, element thickness, and

permeability within the preform. The updated flow submodel was recalculated. Figures

27,28,29, and 30 show the PATRAN results superimposed onto the experimental patterns

at 10, 30, 65, and 115 seconds, respectively.

FIGURE 26 Patran generated mesh for flow visualization fixture.
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FIGURE 27 Flow model comparison with experimental data, 10 seconds.
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FIGURE 28 Flow model comparison with experimental data, 30 seconds.
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FIGURE 29 Flow model comparison with experimental data, 65 seconds.
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F|GURE 30 Flow model comparison with experimental data, 115 seconds.

The dark lines in these figures represent the predicted flow front. The outer lines indicate

the resulting profile of an analysis that ignores the deflection of the lid. The inner lines

indicate the predicted flow front positions when lid deflection is taken into account. The

deflection of the lid was calculated using a finite element analysis of the plexiglass lid

under a uniform applied fluid pressure. The resulting deflections were then used to calcu-

late the distribution of permeabilities within the glass sample. As can be seen from these

Figures, the flow submodel provides a good prediction of the flow front position and the

flow front shape during the infiltration process. In addition to verifying the flow submodel,

this experimental study helped reinforce the need for careful attention to the material con-
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stants and boundary conditions used as input into the simulation model. By ignoring the

effects of fabric compaction and fluid pressure on fixture deflection, a significant error was

introduced into the analysis.

In addition to the center-port experiments outlined above, this fixture was used for a series

of single and multiple side-port injection experiments. The flow submodel was again used

in simulating the fluid flow in these experiments. A detailed discussion of this work can be

found in Hammond[15].

7.2 Heat Transfer Submodel Verification

The verification of the heat transfer submodel proceeded along the same lines as the flow

submodel. The purpose was to select a test case that would allow for all the elements of

the heat transfer submodel to be verified without including the other submodels. The case

selected was the curing of a thick section composite laminate in an autoclave. The thick

section test case allowed for elements such as the resin kinetics, convective boundaries,

and transient heat transfer to be analyzed. The example selected was based on work

reported by Loos [16] on the processing of an 192-ply laminate. The experimental data

obtained in this study were also available.

The composite lay-up used by Loos [16] consisted of six, 32-ply pre-compacted lay-ups of

AS4/3501-6 graphite-epoxy. The 192-ply lay-up was trimmed to 30.48 cm x 30.48 cm.

Thermocouples were distributed throughout the laminate to measure the temperature gra-

dients during processing. The bagging schematic for the 192-ply composite laminate is

shown in Figure 31. The composite panel was held under vacuum and cured according to

the manufacturer's recommended cure cycle. During the cure cycle the temperatures
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inside the laminate and in the autoclave were recorded. The thermocouple locations are

denoted in Figure 32.

The thick-section composite laminate was constructed from a low resin content prepreg

material. Due to the low resin content, the resulting resin loss during processing was less

than 5%, and therefore the resin flow could effectively be neglected. The composite lami-

nate had an initial resin mass fraction of 35%.

The composite laminate was placed on a 0.64 cm steel tool plate, and a 1.27 cm aluminum

pressure plate was used atop the laminate stack. The properties for the tool and pressure

plates, as well as the manufacturer's reported material properties for the AS4/3501-6

prepreg, are listed in Table 5.

/
I\

\
Sealant

Nonporous
Teflon

_ Porous Teflon
Dam Nonporous Teflon

FIGURE 31 Bagging schematic for 192-ply laminate.
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FIGURE 32 Location of Thermocouples.

TABLE 5 Material properties for 192-ply composite lay-up.

Thermal

Density, Specific Heat Conductivity
Materials (kg/m °) (J/kg.K) (W/m-K)

Steel 7.8498E+03 4.6055E+02 4.50E+01

Aluminum 2.7074E+03 8.7085E+02 2.02E+02

Resin 1.2600E+03 1.2560E+03 1.674E-01

Fiber 1.7900E+03 7.1176E+02 2.597E+01

Along with the material property information given in Table 5, one additional piece of

information was needed in order to completely describe the boundary conditions of the
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problem. That additional piece of data was the convective heat transfer coefficient. Loos

estimated this coefficient by fitting the predicted temperature values with those measured

during the experiment. The value obtained was 40 W/m2oK. This method of determining

the heat transfer coefficient lumped the thermal resistance of the bagging and Teflon films

and the breather into the coefficient. The heat transfer coefficient was assumed to remain

constant during the curing process.

A two-dimensional PATRAN model was created for the 192-ply composite lay-up. The

model included the steel baseplate and the aluminum caul or pressure plate as well as the

composite laminate itself. Only the heat transfer submodel was utilized in the simulation.

The measured autoclave air temperature profile was used as the input temperature profile.

The PATRAN generated mesh for this case is shown in Figure 33.

FIGURE 33 PATRAN mesh for 192-ply composite lay-up.

Convective boundaries were selected for all the outer surfaces of the mesh. The damming

material on the outer edges of the laminate was neglected in the heat transfer analysis. The

Chapter 7: Model Verification 90



Heat Transfer Submodel Verification

simulation was run on a Silicon Graphics 4D/320 VGX workstation. Four selected nodal

temperatures were plotted along with the corresponding measured temperatures as a func-

tion of time. Four of these temperature profiles are shown in Figures 34 -37.
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FIGURE 34 Predicted versus measured temperatures, 192-ply laminate, outside edge.
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FIGURE 35 Predicted versus measured temperatures, 192-ply panel, bottom center.
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FIGURE 36 Predicted versus measured temperatures, 192-ply panel, middle center.
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FIGURE 37 Predicted versus measured temperatures, 192-ply panel, middle top.

In Figure 34, the temperature profile predicted by the heat transfer submodel is compared

with the measured temperature profile for a location at the center of the laminate. As can

be seen in the Figure, the predicted and measured profiles match reasonably well at this

location. There is some temperature variation at the beginning of the intermediate hold.

Also, the exothermic overshoot predicted by the heat transfer submodel occurred at a later

time than that which was actually measured. Figure 35 shows the predicted and measured

temperature profiles for the bottom-center of the laminate. The agreement between the

measured and calculated temperatures is good except in the region of the exotherm. The

predicted and measured temperature profiles for the middle-center and middle-top loca-
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tions in the laminate are shown in Figures 36 and 37, respectively. The agreement between

the predicted and measured values in these Figures is similar to those described above.

The difference in the measured and calculated temperatures at the beginning of the inter-

mediate hold at the middle and outside edge of the laminate can be partially explained by

the fact that the thermal properties of the damming materials were not included in the

model. The damming materials would act as an insulator and would slow the heat transfer

into the composite laminate. This would partially explain the slightly higher temperatures

predicted during the initial ramp to the intermediate hold.

The calculated exothermic peak lags the measured exothermic peak during the curing

cycle and may be due to the slightly different temperature history of the resin system dur-

ing the early stages of the cure cycle or a variation in the specified initial degree of cure of

the resin system prior to the start of the cure cycle. A value of 0.05 was used as an initial

degree of cure in this analysis.

At the upper and lower surfaces of the laminate, the temperature profiles predicted by the

model matched the experimental values well. The convective heat transfer coefficient used

in the simulation model was the value calculated by Loos for a one-dimensional thermal

model. The same heat transfer coefficient was assumed in the two-dimensional RTM sim-

ulation model for the right and left sides of the laminate. The actual heat transfer coeffi-

cient present on the side surfaces could have been different in the experiment. Therefore,

one would expect good agreement between the experiment and measured temperatures

along the vertical mid-plane of the laminate, with less agreement horizontally across the

panel. The RTM simulation results exemplify this behavior.

Overall the predictions of the heat transfer model in this case were satisfactory. A closer

agreement in the predicted and final values could be attained by adding the effects of the
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damming materials on the edges of the model and adjusting the initial degree of cure for

the model. However, as far as demonstrating the capability of the heat transfer submodel

to accurately predict the temperature profiles for a reacting composite lay-up with convec-

tive boundaries and subjected to a transient temperature profile, this effort proved suffi-

cient.
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CHAPTER 8

Stiffened Panel Simulation

The previous chapter addressed the verification of the resin transfer molding simulation

model. In this chapter the results of the resin transfer molding simulation of the blade stiff-

ened panel, introduced in Chapter 3, will be discussed. The blade stiffened panel simula-

tion provides an example of how a comprehensive resin transfer molding computer model

can be utilized in the manufacture of complex shape composite structures. A discussion of

the boundary conditions required for simulation of the stiffened panel fabrication, as well

as the PATRAN pre-processing and the simulation results, are presented in this chapter.
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As described in Chapter 3, the stiffened panel is manufactured by the resin infusion pro-

cess. This process is a variation of the resin transfer molding process and involves placing

a degassed hot melt resin film of a predetermined thickness onto the surface of the tool

plate. Next a stitched fabric preform is placed on top of the resin film, and the remaining

tooling details are assembled. The tooling/part assembly is then placed in a vacuum bag

and cured under elevated temperature and pressure in an autoclave.

The objective of the resin transfer molding simulation of this blade stiffened part was to

demonstrate the utility of such a processing model in the manufacturing of a realistic sub-

scale wing panel. In order to achieve that goal quantities such as resin viscosity, degree of

cure, compaction, and flow infiltration time must be predicted accurately and with a mini-

mum of computational resources.

Modeling of this structure began with the selection of a region of the tooling assembly to

be analyzed. A single blade on the outer edge of the three blade tooling assembly was

selected for modeling. The region was selected due to the proximity of the edges of the

part/tool assembly. By having three separate faces present in this region any temperature

gradients due to differences in boundary conditions would be magnified in the part/tool

assembly. Also by selecting only one stiffener, the computational requirements would be

greatly reduced. The chosen region is depicted in Figure 38.
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FIGURE 38 Region of tooling assembly selected for modeling.

The left-hand edge of the selected region was treated as an axis of symmetry. Although

this was not a true axis of symmetry, the simulation results obtained from this model still

provided valuable information about processing. A more detailed schematic representa-

tion of the selected region is given in Figure 39. The tooling consists of two aluminum

blocks and shims, a graphite or aluminum caul sheet, and an aluminum base plate. The

resin film and stitched graphite preform are also shown in Figure 39.

Once the region of interest had been established, the next phase of modeling the single

blade and tooling assembly was to calculate and obtain the necessary material constants

and boundary conditions. The determination of the necessary input for the simulation

model is described in the following section.
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FIGURE 39 Schematic of selected single blade region.

8.1 Simulation Model Input

Accurately modeling the processing of the blade stiffened panel requires a complete

description of the material constants and boundary conditions present during the manufac-

turing process. The flow, heat transfer, and compaction submodels all require input in the

form of relevant material constants and boundary conditions. These material constants and

boundary conditions will be discussed for each of the three submodels.
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8.1.1 Flow Model Input

The simulation of the resin flow movement through the stitched graphite preform requires

that the permeability of the fabric medium, the viscosity of the resin, and the applied resin

pressure be specified. Each of these input parameters for the flow submodel will be

described below.

In the processing of the blade stiffened panel, Hercules 3501-6 hot melt epoxy resin is pre-

heated, degassed, and formed into the desired film thickness prior to manufacture. The

resin film melts at elevated temperature and infiltrates the preform upon application of

pressure. The thermosetting epoxy resin is a reactive material that is undergoing a chemi-

cal cross-linking. Hence, the viscosity of the resin is a function of temperature and time,

and the temperature history of the resin must be known to accurately predict the viscosity

behavior. The viscosity submodel requires that the initial resin degree of cure specified.

The heat transfer and kinetics submodels were used to predict the advancement of the

resin during the initial degassing and forming stages. Figure 40 illustrates the temperature

profile and viscosity changes that took place during fabrication of a Hercules 3501-6 resin

film. As can be seen, the resin viscosity dropped rapidly with increasing temperature and

then obtained a constant value below 10 paos. The length of time that the resin system was

exposed to elevated temperature during degassing and forming was relatively short, and

therefore the advancement of the resin system was small. The degree of cure value pre-

dicted by the kinetics submodel at the end of the resin film manufacturing was 0.02. This

value was then used as the initial degree of cure for the stiffened blade processing cycle.
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FIGURE 40 Temperature/Viscosity profiles for resin film manufacturing.

Once the initial degree of cure is known the kinetics submodel predicts viscosity changes

in the resin during the remainder of the processing cycle. This viscosity information is

stored for each element during the processing cycle.If a particular elemental viscosity was

to reach a very high magnitude during the latter part of the processing cycle with a corre-

spondingly high degree of cure, the resin would then be considered to have reached gela-

tion or vitrification, and the flow solution would no longer be needed for that element.

Solution of the resin flow model requires that the permeabilities of the fabric preform be

specified. In order to obtain this information, samples of the fabric being used in the man-

ufacture of the blade stiffened panel were obtained and the permeabilities of those fabrics

were measured.
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The preform consisted of a stitched 54-ply graphite fabric skin and a stitched blade. The

blade was formed from a stitched 72-ply graphite fabric which was folded and then

stitched to the skin. Each of the preform materials had a quasi-isotropic stacking sequence.

The stitching in the preform materials played an important role in compacting the material

to the desired thicknesses for placement into the tooling assembly. The compaction

directly influences the permeability of the fabric. Therefore in order to predict the infiltra-

tion of resin into the blade stiffened preform the values of permeability must be deter-

mined as a function of porosity or compaction of the preform. By looking at the cross

section of the stitched preform a decision was made to characterize the preform perme-

abilities in only the through-the-thickness and in-plane (perpendicular to the stitching

direction) directions. The reasons for this decision included the limited availability of pre-

form specimens to test and also the number of directions in which flow could occur in the

preform.

The permeabilities of the stitched fabric preforms were measured in test fixtures designed

for in-plane and through-the-thickness permeability measurement. Figure 41 shows sche-

matics of the in-plane and through-the-thickness permeability fixtures. Each of the fixtures

was placed in an Instron testing machine so that different compaction loadings might be

applied. The measurement of permeability was accomplished by placing a specimen in the

test fixture and compacting the specimen to a desired fiber volume fraction. The specimen

was held at the selected fiber volume fraction while a test fluid (water) was allowed to pass

through the fully saturated specimen. Measurements of flow rate were made at several val-

ues of pressure drop across the test specimen. These values were recorded and then the

specimen was compacted to a new fiber volume fraction and the procedure repeated.
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FIGURE 41 In-plane and through-the-thickness permeability test fixtures.

A curve was then generated of the flow rate versus pressure drop at different fiber volume

or compaction loadings. A typical curve is shown in Figure 42.
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FIGURE 42 Typical pressure drop versus flow rate plot.

As can be seen from Figure 42, the pressure drop versus flow rate curves are reasonably

linear and for the most part pass through or close to the origin. These results demonstrate

that for this particular specimen Darcy's law is valid. Therefore, the permeability may be

determined by taking the slope of each line. If the viscosity of the test fluid and the cross

sectional area of the sample are known, the permeabilities may be calculated from the fol-

lowing relation

Ix (Slope)
k - (8-1)

A

where _t is the viscosity of the test fluid, the Slope is the slope of the flow rate versus pres-

sure gradient plot, and A is the cross sectional area of the test specimen.
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The permeabilities of the 54-and 72-ply stitched materials were measured by the method

described above for fiber volume fractions in the range of 55% to 75%. Measurements of

both in-plane and through-the-thickness permeability were made for the 72-ply preforms.

However, the 54-ply material was only measured in the through-the-thickness direction

due to the limited amount of material available. The in-plane permeability of the 54-ply

material was not needed to complete the analysis of the blade stiffened panel. The perme-

abilities as a function of fiber volume fraction for the 54-and 72-ply stitched materials are

shown in Figure 43. The lines passing through each set of data points represents a power

law regression of the data. In order to account for the permeability changes as a function

of the fiber volume fraction these power law regressions were input into the simulation

model. Each power law function was used to describe an individual component of the per-

meability tensor. The assignment of the measured permeabilities to different components

of the permeability tensor used in the resin flow model will be discussed in Section 8.2.

One additional point should be made concerning the fabric permeabilities used in this

analysis. The values used in the simulation model do not account for the effects of a par-

tially saturated media. The assumption here is that the measured steady state fully satu-

rated permeabilities are valid for all of the resin saturated elements in the model.

The remaining data needed to complete the input of the flow submodel includes the initial

and boundary conditions for the infiltration process. The most significant of these is the

treatment of the resin film used in the processing of the blade stiffened panel. At the begin-

ning of the cycle the resin film has a specified initial thickness.
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FIGURE 43 Measured permeabilities for 54-and 72-ply stitched preform materials.

As the temperature and pressure increase during the curing cycle, the resin softens and

begins to infiltrate the fabric preform. At some point during the cycle, the thickness of the

resin film decreases to zero as all the resin will have infiltrated into the fabric preform. In

the simulation model, the resin film thickness initially is ignored. The simulation begins

by specifying the thickness (usually one layer of elements) of the preform that is com-

pletely infiltrated by resin. In effect a constant supply of resin is assumed at the interface

between the fabric preform and the resin film. A routine within the flow submodel tracks

the amount of resin passing through the interface nodes and thus allows for the calculation

of the resin film thickness required to completely fill the preform as well as the final part

resin mass.
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Figure 44 details the boundary conditions used in the simulation of the single blade stiff-

ened preform. Along the surface of the skin which comes in contact with the baseplate a

fluid pressure equal to the autoclave compaction pressure was specified. This provided the

driving force behind the resin flow movement. A full vacuum was assumed inside the fab-

ric preform and zero pressure was specified for all the unsaturated regions of the fabric

preform. This provided the boundary condition at the resin flow front. Once again for this

analysis the effects of surface tension and capillary pressure on the resin flow front were

ignored. Resin flow through the tooling was prevented by specifying that the pressure gra-

dient normal to the wall be zero.

Initial Pressure = 0

Y
ml_ x

Applied Compaction Pressure

FIGURE 44 Flow submodel boundary conditions for single blade stiffener.

The parameters described above include all the material constants, initial, and boundary

conditions necessary for input into the flow submodel.
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8.1.2 Heat Transfer Model Input

In order to simulate the temperature changes taking place within preform and tooling

assembly during the curing process, the values of the thermal conductivity, density, and

specific heat must be known for each of the tooling materials as well as the fabric preform

and resin. In addition to these material constants, a convective heat transfer coefficient

must be found for any convective boundaries present in the model. Finally, the autoclave

temperature cure cycle must be specified.

The effect of temperature on the thermal conductivity, density, and specific heat of the

materials present in the single blade tooling assembly was neglected and the material

properties were assumed to remain constant over the temperature range prescribed in the

cure cycle. One purpose of the simulation model was to determine the optimum tempera-

ture cycle necessary for the manufacture of advanced composite materials. Along these

lines, two cycles were analyzed during this study. The first temperature cycle analyzed

was the original cycle used by MDA-West during the manufacturing of the three blade

stiffened panel. The second cycle used in the analysis was developed after manufacturing

the part, using with original cycle resulted in partial resin infiltration of the fabric preform.

A more detailed discussion of these cycles will be presented later in this chapter. Figure 45

shows the original temperature curing cycle. The modified or extended cycle is shown in

Figure 46. For the two cases analyzed, the autoclave temperatures represented in the Fig-

ures were used as the input temperature profile. A constant room temperature of 25 °C was

specified throughout the tooling assembly as the initial temperature.
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The thermal conductivities, densities, and specific heats for the tooling, preform, and resin

materials are given in Table 6. These properties were obtained either from handbook val-

ues [17], as in the case of the aluminum and steel tooling blocks, or from calculations

made using the rule of mixtures model, as in the case of the graphite caul sheet. The ther-

mal conductivity for the dry graphite preform was determined from an effective thermal

conductivity model for a porous split phase material developed by Russell [18]. The

expression used in these calculations was

(8-2)

where K s and Kp are the thermal conductivities of the solid and porous phase, respec-

tively, and ¢ is the porosity of the fabric preform.

TABLE 6 Material properties for single blade stiffened heat transfer model.

Thermal

Densi_ Specific Heat Conductivity
Mate rials (kg/m °) (J/kg-* K) (W/m • °K)

Steel 7.8498E+03 4.6055E+02 4.50E+01

Aluminum 2.7074E+03 8.7085E+02 2.02E+02

Resin 1.2600E+03 1.2560E+03 1.674E-01

Fiber 1.7900E+03 7.1176E+02 2.597E+01

Graphite Caul/Satu- 1.5980E+03 1.1589E+03 7.772E-01
rated Preform

(Transverse)
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TABLE 6 Material properties for single blade stiffened heat transfer model.

Materials

Graphite Caul/Satu-
rated Preform

(Longitudinal)

Unsaturated Pre-

form

(Transverse)

Unsaturated Pre-

form

(Longitudinal)

Densit_v
(kg/m °)

1.5980E+03

1.157E+03

1.157E+03

Specific Heat
(J/kg.*K)

1.1589E+03

4.626E+02

4.626E+02

Thermal

Conductivity

(W/m.OK)

1.694E+01

1.938E+00

7.260E+00

The boundary conditions used in the single blade stiffened model are outlined in

Figure 47. An adiabatic boundary was specified along the left side of the tooling assembly.

This boundary was chosen so that only one end blade would be simulated. Selecting this

region would allow for the study of the suspected higher gradients in temperature in this

region as well as reducing the computational resources required for the simulation. The

remaining boundaries were modeled as convective boundaries. The tooling assembly was

normally covered with four layers of insulating material as well as the teflon release and

bagging films. Four layers of insulating cloth were also placed under the tooling plate.

Rather than attempt to include these layers directly into the finite element mesh, the ther-

mal resistance from these materials was included in the estimation for the heat transfer

coefficient used on the convective boundaries. A value of 20 W/m2-°K was used for the

convective heat transfer coefficient on all three convective surfaces. It was assumed that

this value remained constant throughout the curing process.
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These material parameters represent the necessary input parameters for the heat transfer

submodel. A description of the pre-processing mesh used in the heat transfer analysis will

be addressed latter in this chapter.

Convective Boundary

Aluminum Block

Graphite Caul

Aluminum Block

0

0

Aluminum Base Plate

Convective Boundary

FIGURE 47 Schematic of boundary conditions for heat transfer model.

8.1.3 Compaction Model Input

The input required for the compaction submodel included the applied compaction pressure

profiles, the material stiffenesses of the various tooling and preform components, the ini-

tial fiber volume fraction of the preform material, and the boundary conditions. A descrip-

tion of the values necessary to model the compaction behavior of the single blade stiffened

panel are included in this section.
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The compaction or deflection behavior of the tooling assembly can be caused by either an

externally applied pressure or by the internal expansion of the tooling components due to

increases in temperature during the processing cycle. The externally applied compaction is

induced from the autoclave atmosphere during the processing cycle. The pressure cycles

used in the single blade stiffener processing can be seen in Figures 45 and 46. Although

there were several pressure cycles used by MDA-West, these two cycles represented the

extremes of the pressure range and therefore were chosen for analysis. As can be seen in

Figure 45, the original pressure cycle included depressurizing the autoclave, removing the

part/tool assembly for inspection, replacing the assembly, and repressurizing the auto-

clave. The extended cycle shown in Figure 46 allowed for an intermediate ramp in pres-

sure before the final value of pressure was applied. These applied pressure profiles were

input into the compaction model on the surfaces shown in Figure 48.
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Y

X

FIGURE 48 Applied pressures and deflections in compaction model.

The elevated autoclave pressures were applied on the top and right sides of the single

blade tooling assembly as is shown in Figure 48. The left edges of the tooling assembly

were allowed to move in the y direction, while motion was restricted in the x direction.

Motion was restricted in the y direction for the lower surface of the tooling assembly,

while deflections were allowed in the x direction. These boundary conditions were chosen

to best match the relative motion of the tooling/preform components during the processing

cycle.

Elastic constants for each of the materials used in the preform/tooling assembly are

required in order to solve the plane strain equations incorporated into the compaction sub-
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model. As a first approximation all the materials were considered to linearly elastic and

isotropic except the fabric preform. The elastic constants for the fabric preform were

obtained by performing a through-the-thickness compaction experiment on the dry pre-

form at a strain rate of 5.29x10 -4 cm/min. The load versus deflection result from the com-

paction experiment were then used to calculate the fiber volume fraction versus

compaction pressure plot show in Figure 49. The fiber volume fraction was calculated

using the known areal weight and density of the fabric and the volume of the test fixture

chamber. The compaction pressure was determined from the applied load and the cross

sectional area of the specimen. The result of this experiment for a 72-ply stitched speci-

men is shown in Figure 49 and illustrates the non-linear nature of the preform compaction

as a function of fiber volume fraction. The compaction data were recalculated to give the

an elastic modulus versus volume change or dilatation, shown in Figure 50. The dilatation

or volume change was taken directly from the fiber volume fraction calculation described

above. The instantaneous modulus of the material was calculated by taking the slope load-

deflection curve and assuming Hooke's law applies for the material at that instant in time.

After each time step in the compaction submodel a new dilatation change was calculated

for each element by averaging the changes in the nodal control volumes. This dilatation

change was then input into a curve fit for the modulus vs. dilatation for the stitched pre-

form (see Figure 50) and a new modulus was calculated for that element. The new value

of modulus for that element was used to calculate a new elastic material constant. In this

manner the nonlinear preform compaction behavior was included in the simulation.
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FIGURE 49 Compaction behavior of 72-ply stitched preform.
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FIGURE 50 Modulus versus dilation for stitched preform material.

The elastic material constants used in the single blade stiffened panel model are shown in

Table 7 Also included in Table 7 are the thermal expansion coefficients used for the vari-

ous preform and tooling materials. The thermal expansion coefficients were included in

the input file for the heat transfer submodel.

TABLE 7 Material constants used in compaction model.

Material Cll C12 C22 C33 _ Modulus v

(1/*C) (Pa)

Aluminum 1.226Ell 5.25E10 1.226Ell 0 23.6E-06 7.2E10 0.33

Graphite
Preform

Curve Fit Curve Fit Curve Fit Curve Fit 0.26

Carbon Tool 1.272E11 4.24E10 1.272E11 0 0 1.06E11 0.26
Plate
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8.2 PATRAN Pre-Processing Model

The previous section discussed the material constants and boundary conditions that were

used in the simulation of the single blade stiffened panel. In this section the input of the

geometry of the single blade stiffened panel tooling assembly into the PATRAN pre-pro-

cessor will be discussed. The PATRAN model was created in three separate stages. Each

of these steps generated one of the three input files necessary for the simulation model.

The overall dimensions of the single blade stiffened tooling assembly are shown in

Figure 51.

A y

1.96E- 1

1.27E-2

All dimensions are in meters.

9.78E-3

FIGURE 51 Overall dimensions of single blade tooling assembly.
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8.2.1 PATRAN Flow Model

The first of step is the creation of a PATRAN generated model for the flow submodel. The

geometry modeled in this step only contains the saturated preform region of the tooling

assembly (The shaded region in Figure 51). An important consideration was the inclusion

of the resin film region into the model. As discussed earlier the resin film region consisted

of filled elements within the initial preform geometry model. The generated mesh for the

preform region is shown in Figure 52. The mesh consisted of 98 linear quadrilateral ele-

ments and 131 nodes. A relatively course mesh was used to limit the amount of computa-

tional resources needed for the full simulation.

__m

mm

--m

mm

m_

FIGURE 52 PATRAN mesh of preform region.
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Two different regions within the mesh were used for the assignment of material property

information. These two regions are shown in Figure 53. Different permeability tensors

were required in these two regions. The orientations of the stitched preform material dic-

tated the values assigned to the components of the permeability tensors in each of the

regions. The blade section required in-plane permeabilities to be used in the y direction

and through-the-thickness permeabilities in the x direction. The directions in the skin

region (light colored region in Figure 53) were reversed.

Blade

Skin

FIGURE S3 Material property regions for PATRAN flow model.

The material property and boundary condition information were entered into the PATRAN

flow model as described in Section 8.1.1. Once this was completed a PATRAN neutral file

was produced which contained all the necessary information for the flow submodel.
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8.2.2 PATRAN Heat Transfer Model

The PATRAN heat transfer model was the next of the three input files created. The region

modeled in this effort was the entire preform and tool assembly. This PATRAN generated

mesh was created by starting with the mesh used in the flow submodel. The various tool-

ing components were created around the preform region of the model. A mesh was again

constructed from quadrilateral elements containing 330 nodes and 293 elements. The

mesh used in the heat transfer input file is shown in Figure 54.

FIGURE 54 PATRAN mesh for entire preform tooling assembly.

Material properties were assigned in four different regions of the preform/tooling assem-

bly. Figure 55 illustrates where the four regions were defined within the PATRAN mesh.

The fabric preform was again divided into two separate regions as in the flow submodel.
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X

FIGURE 55 Material property regions for the PATRAN heat transfer model.

The convective and adiabatic conditions were again added to the PATRAN model as

described in Section 8.1.2. Once these boundary conditions and material properties were

input into the PATRAN model a neutral file was created which contained the necessary

input for the heat transfer submodel.

8.2.3 PATRAN Compaction Model

The final input file required for the simulation of the single blade stiffened panel was the

compaction neutral file. The region of the preform/tooling assembly which was repre-

sented in the compaction model was the same as that used for the heat transfer submodel

(Figure 54). The mesh used in the compaction input file contained the same number and

type of elements as in the heat transfer file. However, in an effort to simulate sliding of the
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tooling components during the compaction process and due to thermal expansion of the

components, a small thin row of elements were include along the surfaces that experience

sliding. In the tooling assembly, the relative sliding between the graphite caul sheet and

the aluminum blocks underneath it, for example, were represented by giving the small row

of elements a stiffness comparable to the graphite caul sheet in the y-direction and a value

of stiffness in the x-direction of 1% of the y-direction stiffeness. The row of elements

would deform easily in the x direction, thus simulating the sliding between these two sur-

faces. Elements with similar properties were placed at appropriate interfaces between the

preform and the various tooling components. Figure 56 shows the four different regions of

material properties used in the compaction model. Also depicted are the regions included

to represent the sliding of the tooling components.

___ Elements used to represent
sliding, r a i

FIGURE 56 Material property regions for compaction model.
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The material constants and boundary conditions described in Section 8.1.3 were included

in the PATRAN model, and a neutral file was generated. This file, the neutral files for the

flow and heat transfer models, and an initialization file, which included the temperature

and pressure cure cycle information, comprised the input required for the simulation

model. A sample of these input files are included in the Appendix to this document.

8.3 Single Blade Panel Simulation Results

The previous sections of this chapter have described the necessary input for the RFI simu-

lation of the single blade stiffened panel. Presented in this section will be the simulation

results from panels fabricated with the original cure cycle and the extended cure cycle.

Also included will be the results of a parametric study done to observe the effects of com-

paction pressure on the total infiltration time of the single blade stiffened panel.

8.3.1 Original Cure Cycle

The original cure cycle, shown in Figure 45, was used by MDA-West in their initial

attempts to fully saturate the stitched graphite preform. Complete infiltration meant that

the resin would have to flow from the bottom of the stitched preform to the very tip of the

blade assisted only by the compaction pressure generated in the autoclave and the vacuum

present during the entire curing process. The original cycle included a portion where the

tooling was disassembled in order to find any dry regions in the preform. Resin was added

to the dry regions and the resin rich areas on the bottom section of the preform were elim-

inated. This method resulted in incomplete infiltration of the fabric preform.
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As a starting point, the simulation program was run with the original cycle. The model

was run on the CRAY Y-MP at NASA Langley research center in Hampton, VA. Compu-

tational time required was 1020 CPU seconds. The output from the simulation model is

contained in several PATRAN results files as well as one listing file. The PATRAN results

files were used to generate a series of contour plots of various processing parameters at

selected times during the cure cycle. The listing file contains a complete numerical output

of the processing variables as a function of processing time.

A contour plot of the model predicted resin infiltration profile is shown in Figure 57. As

can be seen, the model predicts that the resin will infiltrate up to the intersection between

the blade and the skin of the preform. The total infiltration time at that point is about 5.4

hours. This incomplete infiltration had been observed during the actual processing of the

blade stiffened panel. The final flow front location predicted by the simulation model was

found to be relatively close to that observed in the processing laboratory. The reason

behind the incomplete infiltration was the lack of sufficient time during the low viscosity

region of the curing cycle when the applied pressure was sufficient for resin movement.

The degree of advancement in the resin system caused the resin viscosity to build up to a

level higher than was sufficient for resin movement at the applied compaction pressure

after the part was reinserted into the autoclave (see Figure 45). The degree of cure profile

at 1.7 hours into the cycle is shown in Figure 58. It is evident from this profile that there

was a significant difference in the state of advancement of the resin at this point in the pro-

cessing cycle. An 85% difference in the degree of cure in the resin saturated regions of the

preform was predicted. Although the magnitude of the degree of cure is small at this point

this variation in the degree of cure could have a large effect on the length of time a mini-

mum viscosity can be held once higher temperatures are reached later in the cycle. These

effects were somewhat masked by the small amount (45minutes) of hold time at interme-
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diate temperature in the original cycle (see Figure 45). By ramping the temperature

quickly (< 1hour) from the intermediate hold, all of the resin saturated regions reached

gelation rapidly.

A = 5.4 hours

B = 3.8 hours

C = 2.3 hours

D = 0.7 hours

m

-..___ i. u

Final Flow Front Location

/

FIGURE 57 Flow front versus infiltration time for the original cure cycle.
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A = 0.054

B = 0.038

C = 0.023

D = 0.008

D

/
____, _/- ,_______

FIGURE S8 Degree of cure contours at 1.7 hours in the original cure cycle.
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FIGURE 59 Temperature contours at 2.1 hours in the original cure cycle.

The main cause of the gradients in degree of cure are the differences in temperature his-

tory seen by different parts of the saturated preform. The temperature profile in the tooling

assembly at 2.1 hours is shown in Figure 59. The temperature profile illustrates the flow of

heat in the tooling assembly. The trends in the heat flow can clearly be seen in the heat

transfer profiles. The fabric preform obviously did not conduct heat as rapidly as the sur-

rounding tooling. Due to the graphite caul sheet used in the tooling assembly, the heat was

supplied mainly through the side and bottom surfaces of the tooling assembly. This behav-

ior was somewhat offset by the lower heat transfer coefficients present on those surfaces

due to the larger amount of fiberglass insulation placed along those surfaces.
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The compaction behavior of the tooling assembly is shown in Figure 60. The dashed lines

indicate the original undeformed shape of the tooling assembly. Solid lines in Figure 60

represent the exaggerated deformed shape of the tooling assembly at the maximum com-

paction pressure of 689 kPa. The deformed shape shown in the Figure has been exagger-

ated 30% to allow for the viewing of the displacements. The amount of compaction on the

blade stiffener section of the preform was small compared with the compaction of the skin

section. This illustrates the importance of having a tightly stitched preform in the blade

region in achieving the desired final fiber volume fraction. The tight stitching provides

some measure of pre-compaction and thus the compaction required by the aluminum

blocks to achieve the target fiber volume fraction is reduced.

__ --:-: .... - ......... __
-_-_ -_'_ _ _ -@--@=4

I I I

FIGURE 60 Predicted compaction behavior for the original cure cycle.
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These results show some of the capabilities of the simulation model. However, as is evi-

dent from the simulation results, the original cycle used by MDA-West in the manufacture

of these parts by the resin infusion process was unacceptable. Another processing cycle

had to be developed to allow for the complete infiltration of the blade stiffened preform

during processing.

8.3.2 Extended Cure Cycle Results

Due to the incomplete infiltration exhibited in the stiffened panels with the original cure

cycle, an alternative cycle was developed based on some of the insight gained from the

simulation effort done on the early cure cycle. A multiple step extended cycle (Figure 46)

was developed, allowed the resin viscosity to remain at a minimum level for a signifi-

cantly longer period of time than the original cycle. The multiple steps effectively lowered

the heating rate used in the tooling assembly. A longer minimum viscosity provided addi-

tional time for resin to flow to the top of the blade. In addition, a pressure of 690 kPa was

applied at the beginning of the cure process and the pressure was increased in steps to a

final value of 897 kPa (see Figure 46). It was proposed that with these additional changes

to the cycle the resin should completely infiltrate the preform.

The simulation with the extended cycle was run on the Cray Y-MP at NASA Langley

research center and required a total of 1121 CPU seconds. The output files generated were

the same as those discussed in the previous section. The temperature input for the

extended cure cycle was taken directly from autoclave thermocouple data reported by

MDA-West. Pressure cycle input was also taken from the pressure profiles measured dur-

ing the manufacturing of the blade stiffened panel.
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Figure 61 is a plot of the model predicted temperatures at various locations in the carbon

preform as a function of time. The results illustrate that the location nearest the outer edge

of the tooling assembly (Node 100) is predicted to react the fastest to changes in the auto-

clave temperature. The remaining nodal locations within the preform are predicted to track

each other closely during the processing cycle. It is interesting to note that although loca-

tion 130 is close to the outer surface of the part, the low thermal conductivities of the

graphite caul and the bagging materials are predicted to keep the temperature close to the

interior preform temperatures. Note that only the initial heating portion of the cycle was

simulated to reduce the required computational resources, and because after the laminate

reaches the final hold, significant variations in the processing parameters trail off.
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FIGURE 61 Predicted temperature profile for extended cure cycle.
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A viscosity profile for the extended cure cycle is shown in Figure 62. As designed the

extended cure cycle maintains low viscosity in the resin system for an extended length of

time. A viscosity of less than 10 paos is predicted to be maintained for over 150 minutes

during the processing of the panel.
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FIGURE 62 Predicted viscosity profile for the extended cure cycle.
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The degree of cure profiles which were predicted with the extended cure cycle are shown

in Figure 63. As can be seen in the figure, as with the temperature and viscosity, the degree

of cure is predicted to have a small variation due to location within the preform. Due to the

slow heating rate, the degree of cure of the resin system is still relatively low after process-

ing for 5.3 hours.

L_

O

O

tD
t_

U.Zb

0.2

0.15

0.1

0.05

I Node7 Node 58 Node100 Node130[] ---_ ......... E>....... 0- - ..'_"
.-_

._.

........................................................................................................... _....sf

130 _ ...;../'

.."0
°.

°-

°° s

....................................................... S.._,. °

0 I I I I I I
0 50 100 150 200 250 300 350

Time (minutes)

FIGURE 63 Predicted degree of cure profile for the extended cure cycle.

A series of contour plots were made at 160 minutes into the extended cure cycle. This

value of time was selected due to the fact that the largest predicted variation in many of

the processing variables occurred around this time in the cure cycle. This variation is due
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to the large fluctuation in autoclave temperature at this point (see Figure 46). Figure 64

represents the predicted flow front locations at values of time proceeding 160 minutes in

the cure cycle. As can be seen from the figure, the flow front locations are predicted all the

way to the top of the blade. Actually the single blade preform was predicted by the simula-

tion model to be completely infiltrated at 156 minutes into the cycle.

A = 155.0 minutes

B = 140.5 minutes

C = 109.3 minutes

D = 78.0 minutes

E = 15.6 minutes

m

,It---"

I _ E

FIGURE 64 Predicted flow front versus infiltration time for the extended cure cycle.

The temperature contours at 160 minutes into the cycle are shown in Figure 65. The pre-

dicted temperature profiles again demonstrate the small variations in temperature present

during the long, slow heating portion of the extended cure cycle. It is also interesting to
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note that the temperature contours predicted at 160 minutes illustrate the effects of the

autoclave temperature decreasing during a slight overshoot of the set point during the

ramping portion of the cycle. This overshoot produced a local maximum in the tempera-

ture inside the tooling components. The tooling blocks in the center sections had not yet

reached the local maximum when the autoclave temperature began decreasing. Therefore,

these are the coolest regions shown. However, in the regions near the outer edge of the

tool, the temperature had begun to react to the decreasing autoclave temperatures and were

decreasing from the local maximum. These regions had an intermediate value in tempera-

ture. The remaining regions of the tooling assembly, like the intersection of the blade and

the skin, had not yet begun to react to the decreasing temperature due to their location and

the fact that some heat was being generated in the preform due to chemical reactions.

These regions were predicted to show the highest temperatures at 160 minutes into the

cycle. It should be noted that although there was some variation in temperature, the pre-

dicted magnitude of this difference was only about 7°C.
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FIGURE 65 Predicted temperature contours at 160 minutes into the extended cure cycle.

The variation in the predicted viscosities and degree of cure are shown in Figure 66 and

67, respectively. Once again the variation in these processing variables at 160 minutes into

the cycle is small due to the predicted uniformity in temperature history throughout the

fabric preform.

The deflections predicted by the extended cure cycle simulations were very similar to

those in the original cycle. The magnitudes of the deflections were slightly greater due to

the increase in pressure applied. The deformed geometry plot is shown in Figure 68.
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FIGURE66 Predicted viscosity contours at 160 minutes into the extended cure cycle.
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FIGURE 67 Predicted degree of cure contours at 160 minutes into the extended cure cycle.
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FIGURE 68 Predicted compaction behavior for the extended cure cycle.

The results of the extended cure cycle modeling effort provide an example of the utility of

the computer simulation of the resin infusion process. The computer simulation was able

to provide a detailed estimate of the important processing parameters. The interactions

between these processing variables could then be studied to help optimize the processing

cycle. An effort was made to utilize the processing model for just such a study. A series of

computer simulations were preformed with the input parameters from the extended cure

cycle. The objective of this parametric study was to gain some insight into the effects of

autoclave pressure on the fabric preform infiltration. Therefore all other processing vari-

ables were held constant while the maximum autoclave pressure was allowed to vary. The

results of the parametric study are plotted in Figure 69. The simulations predicted that

complete infiltration of the fabric preform could be attained with a minimum pressure of

172 kPa. The infiltration time required to achieve complete infiltration of the preform var-
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ied with applied pressure in a nonlinear fashion. This reduction in applied compaction

pressure would have a corresponding drop of 3% in the fiber volume fraction of the final

laminate.
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FIGURE 69 Predicted compaction pressure versus infiltration time.

The results presented in this chapter represent an initial effort in the simulation of the man-

ufacture of a blade stiffened panel by the resin film infusion process. The utility of the

simulation model was examined. Simulation results for two different cure cycle were pre-

sented along with a detailed discussion of the boundary conditions and material constants

necessary. The construction of the PATRAN pre-processing model was addressed as well

as the use of PATRAN for producing contour plots of the processing variables. Also
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included in the discussion in this chapter was a parametric study of the effects of compac-

tion pressure on the fabric preform infiltration time.
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CHAPTER 9

Conclusions and Future Work

9.1 Conclusions

This study has shown that it is possible to develop a computer simulation model capable

of providing the aircraft structure and tool designers with a method of predicting the infil-

tration and curing behavior of an advanced composite material component. A two-dimen-

sional simulation model was developed which predicts the resin flow inside the fabric

preform, the heat transfer in the tooling assembly, and the compaction behavior of the

tooling assembly. The computer simulation model also demonstrated the capability to pre-

dict the resin kinetics and viscosity, the final part dimensions, and the completed compo-

nent fiber volume fraction.
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Infiltration was described by Darcy's law for a Newtonian fluid flowing through a porous

medium. A finite element control volume approach was utilized for predicting the moving

boundary behavior of the resin front. The heat transfer in the fabric preform and tooling

was analyzed with a transient finite element model which included the effects of convec-

tion on the tooling surfaces. The compaction behavior of the preform and tooling assem-

bly was described by a plane strain elasticity analysis. A finite element model was used to

solve these equations. All of these solutions were coupled together in a quasi-steady state

non-linear fashion inside the computer code.

Simulation model verifications were carried out on individual components of the com-

puter model. The resin flow sub-model was verified by a comparing model predictions

with experimental data reported in literature and two-dimensional visualization studies

performed for a center-port injection of a flat plate. The heat transfer model was verified

by comparing the model predicted temperature distribution with the temperature distribu-

tion measured during cure of a thick section composite laminate. The compaction model

verification was limited to the comparison of the final part dimensions with those calcu-

lated with the model.

Computer simulations were performed with two resin infusion cycles for a single blade

stiffened composite panel. The simulation model results were used to assist in the devel-

opment of an alternative cure cycle for manufacture of a three blade stiffened panel. The

results demonstrated the importance of a sufficient minimum viscosity region in the cycle

in order to allow the resin to completely infiltrate the fabric preform of the structure. Pre-

dictions of the viscosities and degree of cure profiles within the single blade stiffened

panel illustrated the uniformity of these parameters during the curing cycle.
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Work performed in this study helped to emphasize the importance of the use of computer

simulation in the advanced composite manufacturing processes. Computer simulation of

the resin infusion process will allow engineers to make critical design decisions prior to

the costly production of large scale composite tooling and components. The simulation

models provides a method for the detailed study of the processing variables and allows

informed decisions to be made.

This work provides a foundation on which future processing simulation models can be

built. Tools such as this simulation model add to the current scientific understanding of the

resin film infusion and resin transfer molding manufacturing processes and are an impor-

tant part of making composite materials a cost-effective alternative to traditional aircraft

materials.

9.2 Future Work

Although many of the necessary processing variables could be estimated using the tech-

niques in this study, several important refinements need to be made to simulation model.

As demonstrated in the verification portion of this study, the effects of surface tension, a

no-slip boundary condition, preform saturation, and possibly the capability to handle non-

Newtonian fluids all need to be included in the flow model for a more accurate flow front

prediction. In the area of heat transfer a study to address the effects of convective heating

needs to be carried out to determine its importance in the resin infusion process. Finally,

anisotropic material behavior should be incorporated into the compaction model.

An additional area of future work would include an effort to extend the two-dimensional

simulation model into three dimensions. The utility of the model would be greatly

increased with this extension. This would inevitably increase the computational resource
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requirements significantly. Therefore an important area of work in the future will be in

finding more efficient algorithms to solve the domain problems contained within the com-

puter code.
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Appendix

This appendix contains the necessary input files for the resin film infusion model. The ini-

tialization, flow, thermal, and compaction input files as shown.

"INITIALIZATION FILE"

26000.0

1

26

0.0 25.0

900.0 33.3

1800.0 47.7

2700.0 60.5

3600.0 55.5

4500.0 65.5

5400.0 79.4

6300.0 80.5

7200.0 76.1

8100.0 77.7

cycle ending time (seconds)

number of temp. cycles

number of points in temp cycle

time(seconds) temp(C)
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9000.0 101.1

9900.0 118.3

10200.0 118.3

10800.0 98.8

11700.0 98.8

12600.0 99.4

13500.0 99.4

14400.0 124.4

15300.0 130.0

16200.0 118.3

17100.0 120.0

18000.0 120.0

20400.0 120.0

24000.0 166.6

24900.0 178.3

26000.0 174.4

3

0.0 1.0

600.0 1066618.0

26000.0 1066618.0

0.70

0.47

8.0E-6

2

0.300E+020.000E+000.000E+00

0.000E+002.500E+000.000E+00

0.000E+000.000E+000.000E+00

2.500E+000.000E+000.000E+00

0.000E+003.000E+020.000E+00

0.000E+000.000E+000.000E+00

1.0

"FLOW INPUT FILE"

25 00 1 00000

PANEL FLOW MODEL INPUT

26001 13198200

TEST RUN

1 1 0200000

number of points in pressure cycle

time(seconds) pressure(Pa)

Maximum fiber volume fraction

porosity

fiber diameter

number of permeability tensors

permeability tensor K 11 ,k 12,k 13,k22,k23,k33

number of cycle flags

nodal coordinates
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0.000000000E+00 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

120200000

0.635000039E-02 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

130200000

0.127000008E-01 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

140200000

0.000000000E+00 0.151447495E-01 0.000000000E+00

1G 6 0 0 000000

150200000

0.635000039E-02 0.151447495E-01 0.000000000E+00

1G 6 0 0 000000

160200000

0.127000008E-01 0.151447495E-01 0.000000000E+00

1G 6 0 0 000000

170200000

0.000000000E+00 0.175895002E-01 0.000000000E+00

1G 6 0 0 000000

180200000

0.635000039E-02 0.175895002E-01 0.000000000E+00

2142

4020

1254

2242

4020

2365

2342

4020

4587

2442

0 0 0 0 0 element connectivity

0.000000000E+00 0.000000000E+00 0.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000
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4 0 2 0 0.000000000E+000.000000000E+000.000000000E+00
5698
254200000
4 0 2 0 0.000000000E+000.000000000E+000.000000000E+00
7811 10
264200000
4 0 2 0 0.000000000E+000.000000000E+000.000000000E+00
891211
274200000
4 0 2 0 0.000000000E+000.000000000E+000.000000000E+00
1011 1413

3152000000
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.124900004E-11
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00

m_eri_ prope_ies
0.000000000E+000.000000000E+000.000000000E+00

0.000000000E+000.500000000E+010.000000000E+00

0.000000000E+000.000000000E+000.000000000E+00

0.000000000E+000.703799996E-110.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00
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0.000000000E+000.000000000E+000.000000000E+000.000000000E+00
0.000000000E+00
0.000000000E+000.000000000E+000.000000000E+000.000000000E+00
0.000000000E+00
0.000000000E+000.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00

10 1 1 1 10000

0.101352000E+06

10211 10000

0.101352000E+06

1031 1 10000

0.101352000E+06

1041 1 10000

0.101352000E+06

1051 1 10000

0.101352000E+06

1061 1 10000

0.101352000E+06

1071 1 10000

pressure boundary conditions
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29-JUN-91 15:12:10 2.4

1 1 0 2 0 0 0 0 0 nodal coordinates

0.000000000E+00 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

120200000

0.635000039E-02 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

130200000

0.127000008E-01 0.126999998E-01 0.000000000E+00

2142

4020

1254

2242

4020

2365

2342

4020

4587

2442

4020

5698

2542

0 0 0 0 0 element connectivity

0.000000000E+00 0.000000000E+00 0.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

3 1 5 20 0 0 0 0 0 material properties

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00
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0.000000000E+00

0.000000000E+00

0.000000000E+00

0.733290005E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.185203000E+07 0.500000000E+01 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.733290005E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00
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101 1110000

0.250000000E+02

102 1 1 10000

0.250000000E+02

1031 1 10000

0.250000000E+02

1041 1 10000

0.250000000E+02

1051 1 10000

0.250000000E+02

1061 1 10000

0.250000000E+02

1071 1 10000

0.250000000E+02

1081 1 10000

0.250000000E+02

1091 1 10000

0.250000000E+02

10101 1 10000

0.250000000E+02

1011 1 1 10000

0.250000000E+02

initial temperatures

17 69 1 2 1 0000

0 01100000

0.200000000E+07

1774 1 2 1 0000

0 01100000

convection coefficients
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0.200000000E+07

17 79 1 2 1 0000

0 01100000

0.200000000E+07

17 84 1 2 1 0000

0 01100000

0.200000000E+07

17 170 1 2 1 0000

0 01100000

0.200000000E+07

18691210000

0 01100000

0.100000000E+01

18741210000

0 01100000

0.100000000E+01

18791210000

0 01100000

0.100000000E+01

18841210000

001100000

0.100000000E+01

181701210000

0 01100000

0.100000000E+01

temperature cycle flags

9900 1 00000 end of file

"COMPACTION INPUT FILE"

25 00 1 00000
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COMPACTION MODEL P6 #2

26 00 1 330 293 4 00

10-JUL-91 14:17:54 2.4

1 1 0 2 0 0 0 0 0 nodal coordinates

0.000000000E+00 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

120200000

0.635000039E-02 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

130200000

0.127000008E-01 0.126999998E-01 0.000000000E+00

1G 6 0 0 000000

140200000

0.000000000E+00 0.151447495E-01 0.000000000E+00

2142

4010

1254

2242

4010

2365

2342

4010

4587

2442

4010

5698

2542

0 0 0 0 0 element connectivity

0.000000000E+00 0.000000000E+00 0.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

0.000000000E+000.000000000E+000.000000000E+00

00000

40100.000000000E+000.000000000E+000.000000000E+00

781110

264200000

40100.000000000E+000.000000000E+000.000000000E+00

891211
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3 152000000
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.000000000E+00
0.191474000E+08
0.672450000E+07

0.620990000E+07
0.000000000E+00

0.000000000E+00
0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

0.000000000E+00

element properties

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.500000000E+01 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.191474000E+08 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00
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0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00 0.000000000E+00 0.000000000E+00 0.000000000E+00

0.000000000E+00

0.000000000E+00

62381200000

01001000000110000 2

-0.101352000E+06

62391200000

01001000000110000 2

-0.101352000E+06

62401200000

01001000000110000 2

-0.101352000E+06

62411200000

01001000000110000 2

-0.101352000E+06

62421200000

01001000000110000 2

-0.101352000E+06

initial pressures

811200000

0100000

0.000000000E+00

841200000

0100000

initial displacements
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0.000000000E+00

871200000

0100000

0.000000000E+00

8 10 1 200000

0100000

0.000000000E+00

9900100000 end of file
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